
AFWL-TR-87-94 AFWL-TR-794

f87-94

SHIELDING ANALYSIS OF A SMALL COMPACT
(0 SPACE NUCLEAR REACTOR
Lfl

L. W. Lee, Jr.
LV
00

I

August 1987

III

T Final Report

Approved for public release; distribution unlimiLed.

AIR FORCE WEAPONS LABORATORY
Air Force Systems Command 0 ir .

Kirtland Air Force Base, NM 87117-6008

I Dl'

_ -•,



AFWL-TR-G7- 04

This final report was prepared by the Air Force Weapons Laboratory,
Kirtland Air Force Base, New Mexico, under Job Order 57972301. First Lieutenant
Lennard W. Lee, Jr. (AWYS) was the Laboratory Project Officer-in-Charge.

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely Government-related procure-
ment, the United States Government incurs no responsibility or any obligation
whatsoever. The fact that the Government may have formulated or in any way
supplied the said drawings, specifications, or other data, is not to be regarded
by implication, or otherwise in any manner construed, a; licensirng the holder,
or any other person or corporation; or as conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be related
thereto.

This report has been authored by an employee of the United States
Government. Accordingiy, the United States Government retains a nonexclusive,
royalty-free license to publish or reproduce the material contained herein, or
allow others to do so, for the United States Government purposes.

This report has been reviewed by the Public Affairs Office and is releasable
to the National Technical Information Service (NTIS). At NTIS, it will be
available to the general public, including foreign nationals.

If your address has changed, if you wish to be removed from our -.;ailing
iist, or if your organization no longer employs the addressee, please notify
AFWL/AWYS, Kirtland AFB, NM 87117-6008 to help us maintain a current mailing
l ist.

This report has been reviewed and is approved for publication.

LENNARD W. LEE, JR.
1st Lc, USAF
Project Officer

FOR THE COMMANDER

"R BOYLE WAYNE GRADE•AL 4
Maj, USAF Lt Co USAF
Chief, Space Applications Brarich Acting Chief, Applied Technical Division

DO NOT RETURN COPIES OF THIS REPORT UNLESS CONTRACTUAL OBLIGATIONS OR NUTICE
ON A SPECIFIC DOCUMENT REQUIRES THAT IT BE RETURNED.

i .A



UNC A5SIFT
SECURITY CLAS SIFICAfTIO 5FTH=1PAGE

REPORT DOCUMENTATION PAGE
la. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclassified.
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIB!)TION /AVAILABILITY OF REPORT

Approved for public reiea~e; distribution
2b. DECLA.SSFICATION /DOWNGRADING SCHEDULE unlimited.

4. PERFORMING ORGANIZATION~ REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

AFWL-TR-87-94 _______ ______________________
6.. NAME OF PERFORMING ORGANIZATIO0N 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Air Force Weaoos Laboratory
6c. ADDRESS (City, Strte, and ZIP Code) 7b. ADDRESS (City. State, and ZIP Code)

[Kirtland Air Force Base, NM 87117-6008_______________________
Ba. NAME OF FUNDING /SPONSORING [Sb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (If applicabWe

8c. ADDRESS (Cimy State, and ZIP Code) 10, SOURCE OF FUNDING NUMBERS

PROGRAM PRO;ECT TASK WORK I JNIT
ELEMENT NO. NO. NO. jACCESSION NO.

_______________________________- 62601 F 15797 I 23 0
11 TITI.E (include Security Clessificatlion)

SHIELDI-NG ANALYSIS OF A SMALL COMPACT SPACE NUCLEAR REACTOR
12. PERSONAL AUTHOR(S)
Lee, Lennard Woodrow,, Jr.
13a. TYPE OF REPORT 13b. TIME COVERED 114. DATE OF REPORT (Year, M~onth, Day) 11 AGE COUNT

Final FOTO18,auust 214
16. SUPPLEMENTARY NOYATION

Thesis
17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary endJ identify by block number)

FIFILD GROUP SUB-GROUP Shield Lithium Hydride Shield
5Space Nucleer Reactor Tungsten Shield

079 BTRC Space Nuclear Reactor Shvield Boron Carbide Shield
19. BSTACT(Continue on reverse if necessary andl identif~y by block number)

Earl) space nuclear reactor concepts have used lithium hydride as the primary neutron atten-
uator. Lithium hydride is desirable because of its low density, its hydrogen content, and
its histori-7al date base from use during the SNAP program. Ho~wever, lithium hydride has a
low melting point, hydrogen dissociation, a volume exp- ion of 2'5% during a phase change,
and a tendency to react with other materials. Also, 1 jium 6 has an exothermic (n, a)
reaction that produces tritiumn, an alpha particle, and about 4.8 MeV of energy prodUcing
internal heating in the shield. For future, higher power nuclear reactors, studies indicate
that a neutron shielding material other than lithium hydride will need to be developed.
JThe SP-100 reactor concept, currently ir its developmental stage, has a layered
tungsten--lithium hydride shield. Studies indicate that this shield configuration is th2
lightest weight shield.

20. DISTRIBUJTION /AVAII.ABiLITY OF AbSTRACT 21. ABS71RACT SECURITY LLASSIFICATION
(0UNCLASS IF IEO/UNLI MITE r 0 SAME AS RPT COTIC USE3S Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEFHONE jinc( .de Area Code), 22c OFFICE SYMBOL

DO FOPM 1473, 54 MAR 33 APR edt on m4,y be used until exhausted. SECURITY CLASSýIFICATIOCN OF -H'S PAGE

All c'ther editions are obso~etw. - UNCI ASSTFIED

Ti



UNCLASSIFIED
SECURITY CLASSIFICATION OP THIS PAGE

18. SUBJECT TERMS

Beryliium Shield Lithiuml Hydride and Tungsten Shield K-effective
Shield Volume Boron Carbide and Tungsten Shield Criticality
Shield Mass Analyze Radiation Dose

19. ABSTRACT (Continued)

This configuration and three other shielding concepts were analyzed to determine the
lightest shield and to determine the shield configuration with the smallest volume. The
other three concepts were a boron carbide--beryllium layered shield, and a lithium
hydride--beryllium shield.

FEMP2D and FEMPID codes were used in this analysis. These codes were developed at Sandia
National Laboratory (SNL), using the input from another code, RFCC, which produced energy-
dependent dose conversion factors, and determined the shields' ability to attenuate the
neutron and gamma radiation to permissible dose limits.

The results of this analysis show that the lithium hydride--tungsten layered shield was
indeed the liyntest weight shield, However, a boron carbide--tungsten shield was calcu-
lated to have the least volume. This is important since launch vehicles may have a cargo
bay volume constraint. Therefore volume, not weight, may be the driving factor in deter-
rnining the shield configuration.

r N,

CA

t ,-o Ur a

UNCLASSIFIED
SECUSITY CLASSIFICATION OF THIS PAGE



ACKNOWLEDGEMENTS

I would like to express my sincere thanks to the

following individuals whose help was invaluable in this

research project. First, thanks goes to the committee

members, Dr. Norman Roderick, my committee chairperson, Dr.

Mohamed El-Genk, Dr. Patrick McDaniel, and Dr. Charles

Sparrow. The help and guidance fLom each of these gentlemen

will always be cherished by myself and my fam.:.ly. I could

not have written this thesis without the superlative

guidance from Dr. McDaniel and Dr. Charles Sparrow.

My appreciation goes to the Air Force Weapons

Laboratory for the support I've received while writing this

thesis. A special thanks goes to retired Lt Col James Lee

for his insight in requiring all of his lieutenants to

enroll in a graduate program at UNM. My career will

definitely be enhanced because of his farsightedness.

I would like to give a special thanks to my wife,

Sabrina, who suffered gracefully while I researched and

wrote this thesis. To my children, Matthew, Michael, and

Mark, goes another special thanks; its because of them that

I continue my education.

Finally, my thanks goes to God for giving me the

opportunity, strength, and willpower to complete this work.

Truly, without Him, nothing is possible; with Him everything

is possible.

lii /iv



Shielding Analysis of a Small Compact

Space Nuclear Reactor

Lennard W. Lee Jr.

B.S. Nuclear Engineering, Mississippi State University, 1983

M.S. Nuclear Engineering, Univeisity of New Mexico, 1987

Early space nuclear reactor concepts have used lithium

hy'ride as the primary neutron attenudtor. Lithium hydride

is desirable because of its low density, its hydrogen

content, and its historical data base from use during the

SNAP program. However, lithium hydride has a low melting

point, hydrogen dissociation, a volume expansion of 25%

during a phase change, and a tendency to react with other

materials. Also, lithium 6 has an exothermic (n, a)

reaction that produces tritium, an alpha particle, and about

4.8 MeV of energy producing internal heating in the shield.

Studies have indicated that for future, higher power nuclear

reactors, that a neutron shielding material other than

lithium hydride will need to be developed. The SP-100

reactor concept, currently in its developmental stage, has a

layered tungsten - lithium hydride shield. Studies indicatp

that this shield configuration is the lightest wei(

shield.

This configuration and three other shielding concepts

were analyzed to determine the lightest shield and to

determine the shield configuration with the smallezt
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volume. The other three concepts were a boron carbide -

tungsten layered shield, a boron carbide - beryllium layered

shield, and a lithium hydride - beryllium shield. FEMP2D

arid FEMPID codes were used in this analysis.

These codes were developed at Sandia National

Laboratory. They used the input from another code, RFCC,

which produced energy dependent dose conversion factors, and

determined the shields' ability to attenuate the neutron and

gamma radiation to permissible dose limits.

The results of this analysis show that the lithium

hydride - tungsten layered shield was indeed the lightest

weight shield. However, a boron carbide - tungsten shield

was calculated to have the least volume. This is important

since launch vehicles may have a cargo bay volume

constraint. Therefore volume, not weight, may be the

driving factor in determining the shield configuration.
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1.0 INTRODUCTION

Apollo 11 climaxed with Neil Armstrong becoming the

first human to walk on the moon on 20 july 1969. Six manned

lunar landings followed with the last being Apollo 17 in

April 1972. There is little doubt that man will return to

the moon to mine its resources and use it as a base for

planetary explorations in the next century. As space

exploration resumes, there will be a need for a power source

that's reliable, has a high pow,-- density, and, in some

cases, portable. These reasons, and many more, make space

nuclear reactors an attractive power source for future space

missions.

The idea of using space nuclear reactors in space is

not new. The United States has one nuclear reactor in

orbit, the SNAP-10A, and the Soviet has more than twenty

operational at the present time. ( The United States'

reactor, the SNAP-10A, has been shut down permanently.)

Recently, the idea of space nuclear reactors has been

rejuvenated with the projected power demands for future

civilian and military space missions. Research on the

Strategic Defense Initiative (SDI) projects power levels in

the multimegawatt regime. Conventional power sources are

not able to reasonably obtain these higher power levels.

The Space Power 100 kWe (SP-100) space nuclear reactor is

the first step in providing power levels beyond conventional

levels.
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Using a space nuclear reactor introduces several

technological problems to be solved. For a reactor coupled

to a satellite, the payload must be protected from radiation

introduced to the environment by the nuclear reactor. While

the physics of radiation is well known, the problem of

shielding a space nuclear reactor is complicated by the need

t7. use the strongest lightweight material to minimize the

launching cost to the spacecraft.

Early space nuclear reactor concepts used lithium

hydride (LiH) as the neutron shield. The SP-100 follows

this lead. However, there is a need to investigate other

neutron shielding materials because LiH has some properties

degrading its integrity, especially at higher power levels.

LiH has a melting point of about 960 K [Weast, et al.,

19751. At high temperatures, LiH has hydrogen dissociation.

Hydrogen dissociation is most undesirable because hydrogen

is the ultimate neutron attenuator. However, LiH is now the

leading candidate as a neutron shield primarily because of

its low weight density of about 0.775 grams/cc. But it is

compulsory that, as space nuclear reactors evolve into

higher power, there be a concentrated effort to develop

other shielding materials other than LiH.

One possible alternate neutron shielding material is

boron carbide (B4 C). B4 C has a low density, 2.52 gms/cc.

Boron has a high probability or cross section for neutron

absorption. This probability is increased when the neutrons

are at lower energies, referred to as thermal energies.

2



Carbon adds strength; it also scatters neutrons which

causes them to lose energy and, in e.ffect, this slows the

neutrons down to the thermal energy range increasing the

B 4C's absorbing ability. This is an important interaction

in B 4C's constituent atoms. B 4C has a melting point of

2623.15 K. This implies that it could survive a much higher

power level than LiH. BC is very hard and brittle but has

a very high compressive strength [Akerhielm, 1975].

However, since B4C has a much higher density than LiH

(and B4 C has no hydrogen in it), LiH is still currently the

most desirable of the two materials, providing the

temperature in the shield is at an acceptable range. A

B4 C/W shield will be analyzed in this thesis,

Along with neutron attenuation, gamma ray shielding

will also be looked at. Tungsten (W) is the leading

candidate for photon shielding. Initial studies from many

sources, including Oak Ridge National Laboratory, indicate

that a LiH/W shield is the ultimate low mass radiation

shield for a space nuclear reactor. This thesis will

support this for missions in which the mass of the shield is

the ultimate driver. However, some postulated Air Force

missions may necessitate that volume, not mass, be the

driving constraint for a shield.

3



2.0 BACKGROUND REVIEW

Spae Nuclear Power is not new. In fact, it can trace

its beginning back to 1948. In 1948, the Air Force

initiated a program called Project Feedback. This wac a

study to develop reconnaissance satellites. The need for a

reliable power source was a paramount issue (Voss, 1984].

This was a prelude to the Space Nuclear Auxiliary Power

(SNAP) program which was initiated in 1955. The SNAP

program was divided into two distinct parts; odd numbered

SNAP projects referred to radioisotope generators while even

numbered SNAP projects referred to space nuclear reactors.

These projects, along with America's whole space program got

a tremendous shot in the arm when an event took place in

1957.

On 4 October 1957, the Union of Soviet Socialist

Republics launched Sputnik 1, the first man-made object put

into a long duration orbit [Simons, et al., 1973]. It only

weighed 184 pounds, tt~nsmitted data to Earth for only 21

days and was in orbit only 90 days, but it caused a near

panic in the scientific and military communities. It was

feared that now the Soviet Union had, or was close to

having, the capability of delivering weapons to the North

American continent from their own soil. This fear was not

realistic, however; America's space program was accelerated

because of it.

The United States preceded the Soviet Union in

launching the first space nuclear reactor. The reactor was



called the SNAP-10A. SNAP-10A was launched on 3 April 1965

from Vandenberg Air Force Base, California. The reactor

operated successfully for 43 days. A voltage roqeulator

failure caused its permanent shutdown; it ocbits in this

mode today.

Anothez space reaccor program was initiated in 1955.

It was named Project ROVER. This program was to develop a

nuclear rocket engine. These engines were at first

developed to be a potential backup for intercontinental

ballistic missile propulsion. However, it was later

considered a candidate for boosters for manned Mars flights.

The program terminated in January 1973, but by all accounts,

the reactors developed are considered a technological

success. In fact, the most powerful nuclear reactor ever

built, the Phoebus-2A, reached a peak thermal output of 4080

megawatts when tested [Koenig, 19861.

While these two programs were terminated because of

changing national priorities, they certainly left behind an

enormous technology base for future development of space

nuclear reactors. The ROVER program will serve as a

stepping stone to the multimegawatt space nuclear program,

and the SNAP program furnishes a technology base for the SP-

100 program.

Future military and civilian space programs

necessitated the SP-100 program. This program was born in

1982 by the Department of Energy (DOE) and the National

Aeronautics and Space Agency (NASA) [Dix, et al., 1984]. A

5



tri-agency agreement between NASA, DOE, and the Defense

Advanced Research Projects Agency (DARPA) signed in February

198:, established the SP-100 program (Wright, 1984]. This

program will eventually lead to the development of higher

power reactors. A major challenge facing the use of small

compact core reactors is protecting the payload, whether

it's human or electronic, from, radiation induced by the

nuclear reactor. The SP-100 uses LiH neutron shield (as did

the SNAP program), and a W shield for gamma rays.

2.1 Past Shield Designs For Small Space Reactors. There

have been many designs for space nuclear reactor shields.

All of the ones fabricated have one thing in common; they

use LiH as the neutron attenuator. (Except the shields used

in the ROVER program.) The SNAP Program is the technology

base for LiH shield development. It seems prudent to

examine the SNAP shields to yet a good foundation for future

shield development.

SNAP-2 was a small developmental reactor. The core

diameter was 22.86 cm and produced a 3.5 kWe [Voss, 19841.

Two shields were developed for SNAP-2. The shields

contained about 136 kg of LiH which allowed a large shadow

of protection. SNAP--3 was a higher power reactor than SNAP-

2. It was to provide 30-60 kWe. There were seven shields

developed for SNAP-8. The shields consisted of W for gamma

ray attenuation and LiH for neutron attenuation [Barattino,

1985]. The shields contained more LiH than the SNAP-2

shields, but thcy had a smaller void fraction.

6
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The SNAP-10A shield development has some significance

since this reactor was actually flown in space. The reactor

was designed for low power; it only produced 500 We. This

power level made LiH a most viable shielding material, and

it also made the use of a gamma shield nonexistent. The

shield contained about 91 kg of LiH in a stainless steel

honeycomb (Anderson, et al., 19831. A summary of the SNAP

shield development is given in Table 2.1.

In the nuclear rocket program, ROVER, the hydrogen

propellant was used as the shielding. This was most

convenient since as the hydrogen was used up, the reactor

shut down leaving only the fission products to shield. For

an open cycle reactor system, this might be acceptable.

However, for closed cycle high power reactor which probably

will not use hydrogen coolant, this is not feasible and

anotheýr Concept must be explored.

7



Table 2.1 LiH Shields From The SNAP Program.

Reactor Type Shield Mass Shield Volume

SNAP-10A 91 kg LiH 1.19 X 10 cctest casting

SNAP-1OA 91 kg LiH 1.22 X 105cast shield 
cc

SNAP-10A 91 kg LiH 1.22 X 105 ccdevelopmental shield
SNAP-2 136 kg LiH 1.78 X 105 ccdevelopmental shield

SNAP-2 136 kg LiH 1278 X 105DRM-l shield 1 cc
SNAP-L 109 kg LiH 1.46 X 105 ccthermal shield

SNAP-8 205 kg LiH 2.66 X 105 cctwo-region test
casting

SNAP-8 327 kg LiE 4.23 X 105 cctwo-region

DRM-l shield

SNAP-8 91 kg LiH 1.22 X 105 ccexperimental
shield I

SNAP-8 91 kg LiH 1.20 X 105 ccexperimental 91 kg Wshield 2

SNAP-8 DR shield 327 kg LiH 4.23 X 105 cc

SNAP-8 55 kg LiH 7.20 X 104 ccexperimental

shield 3

[Anderson, et al., 19831
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2.2 Conclusions From Past Designs. LiH had some crackinr

problems in the SNAP shields. This is a potential problem

since it could create streaming paths for the radiation to

penetrate the shield. However, studies have shown that the

cracks were random and did not create a straight streaming

path, a problem referred to as "shine through". Ramping the

reactor power up and down, thus changing the temperature of

the LiH, will invoke creep stress in the shield and

aggravate the cracking problem. Also, higher power levels

will lead to hydrogen dissociation. Aiding in this reaction

is an oxygen impurity found in LiH. This impurity combines

with LiH to form lithium hydroxide (Welch, 1975]. The

results is an outgassing of H The governing reaction for

this is:
LiH + LiOH --- > Li 0 + H'.2 A

This reaction becomes prevalent at temperatures above 680

degrees K. When coupled with meteoroid punctures in the

shield H2 can be released from the shield. If LiH melts, it

changes volume drastically. It expands about 25%; this

could pose major problems for the container of LiH and

negate the neutron shield if the container is ruptured

during expansion. This same thing could happen if the

container holding liquid LiF was punctured by micro-

6
meteorites. The Li isotope in natural lithium can also

cause problems. It will absorb neutrons and the resulting

in the exothermic reaction:

6Li, +1 no -3 E, +4 a 2 + 4.8 MeV.

This causes the temperature in the shield to rise. Depleted

9
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LiH (LiH with iittle or no 6Li) could be a solution to this

problem.

A minimum temperature of about 600 K will minimize

radiological induced hydrogen dissociation. Thus, a

temperature range for use of LiH is recommended to be

between 600 and 680 K [(arattino, 1985].

LiH has other precarious physical properties. It is

easy to burn, it has moderate strength, and it reacts with

almost anything. To sensibly use LiH, the reactor power

needs to be less than one megawatt thermal [Anderson, et

al., 1983]. Also, the temperature in thn shield must not

exceed its melting point (960 K) and, as stated, its

optimum operating temperature range should be between 600

and 680 K. To add strength and stability to LiH, a

honeycomb matrix can be used as with the stainless steel

matrix in the SNAP shields. However, for higher power

reactors, LiH cannot be used unless an active cooling system

is used to maintain the shield temperature at an acceptable

level.

Tungsten appears to be the leading candidate for gamma

shielding. It is expensive, but since the weight of the

shield may be the initial ultimate driver in material

selection, W is a solid choice. Gamma rays interact with

electrons of atoms. W has a high electroiu density. Because

of this, it takes less W than other conventional gamma

shields to attenuate the gamma flux to the same level.
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3.0 Radiation Attenuation

Charged particles are usually massive making it

somewhat easy to stop them. Of the forms of radiation of

concern, alpha, beta, gamma, and neutrons, the most

penetrating are gamma rays and neutrons. If these are

stopped, then the other forms of radiation pose no threat.

The following sections are an explanation of the radiation

interactions without going into detailed quantum mechanics.

3.1 Gamma Ray Attenuation. Gamma ray sources are fission

gammas, fission-product-decay gammas, capture gammas,

products of inelastic scattering, and reaction products

[Schaeffer, 1973]. Gamma rays have no charge, therefore,

they are very penetrating. Gamma rays interact with an

atom's orbital electrons. Basically, there are three ways

in which they do this. These are photoelectric absorption,

Compton scattering, and pair production.

Photoelectric absorption, or photoelectric effect,

occurs when a tightly bound electron is subjected to an

incident gamma ray. The atom absorbs the photon which

disappears; this results in an electron being ejected if the

electron absorbs more energy than its binding energy. The

ejected electron will have all the energy of the gamma minus

its binding energy. At low energies, E < 0.5 MeV, this is

the dominant gamma ray interaction.

When the photon energy is increased, 0.5 <E < 1.2 MeV,

Compton scattering becomes dominant. This process occurs



when a photon scatters with an orbital electron, and it

loses some of its initial energy, and the electron is

ejected from the atom. This can be tnought of as scattering

of electromagnetic waves by charged particles [Weidner et

al., 1973]. It is obvious that this process is proportional

to the electron density of the attenuating medium.

When the gamma ray is of high energy, then pair

production threshold is dominant. This occurs when E

> 1.022 MeV which is equal to the combined rest energies of

an electron and a positron [Hubbell et al., 1968]. The

photoelectric effect and Compton effect are examples of

electromagnetic energy of photons being converted to kinetic

energy and potential energy of material particles [Weidner

et al., 19731. In pair production the photon produces two

particles which have opposite charge, an electron and a

positron. In this case, the incident photon disappears.

The absorption coefficient for each of these

interactions accounts for the total absorption coefficient

for gamma ray attenuation. The total absorption coefficient

is expressed as

jto t -Ape + Ac + pp

Since materials with a higher density usually have more

electrons orbiting their atom's nucleus, there is a definite

relationship between the absorption coefficient and the

material's density. This introduces the idea of a mass

attenuation coefficient, P/P , where p is the attenuation
-i

coefficient and has dimensions of cm , and o is the density

12



of the material. The mass attenuation coefficient has units

of cm2 /gm. This coefficient is proportional to the total

gamma interaction probability or cross section.

3.2 Neutron Attenuation. There are three basic ways in

which neutrons interact with matter: elastic scattering,

inelastic scattering, and absorption. Elastic scattering is

an event where kinetic energy is conserved and the internal

energ°" of the nucleus is not changed. The final energy of

the neutron can be related to the initial energy of the

neutron by the formula:

Ef[( + a) + (l-- a)cos(O.) ]E,.

Where: Ef =Final Energy
Ei =Initial Energy

(A-1)2

A =the Atomic number.
8, =the Center of Mass Scattering Angle.

Hydrogen with an atomic number of 1 can take all of the

neutron's energy, and the maximum energy the neutron can

lose corresponds to a backscattering event of 180 degrees in

the center of mass system [Duderstadt, et al., 1976). A

neutron can survive enough scattering events until its

kinetic energy is sufficiently degraded so that it can have

its energy increased by hitting a thermal vibrating nucleus.

The therwal neutron is eventually absorbed by a nucleus.

Another form of elastic scattering is resonance

scattering. In this case the incident neutron is absorbed

13



by the nucleus. To return to its ground energy state, the

nucleus will expel another neutron that has the same energy

as the incident neutron [Selph, 19681.

In inelastic scattering the incident neutron is

captured by the nucleus. This produces a compound nucleus

in an energetically excited state; the nucleus then ejects a

neutron, but this does not return the nucleus to its ground

state, i.e., the expelled neutron has a lower energy than

the incident neutron. In an attempt to return to ground

state, the excited nucleus will giv off one or more gammas.

Usually, this kind of scattering event occurs at high

neutron energies, and a great deal of the incident neutron's

energy can be given to the nucleus [Duderstadt et al.,

19761. This makes this an important reaction for shielding,

but it generates secondary gammas which have to be

attenuated.

Finally, absorption is an important interaction. This

usually happens when the neutron is in the low or

intermediate energy range as with the thermal neutrons

mentioned above. The incident neutron is captured by the

nucleus which excites it. The excited nucleus then attempts

to go to its ground state by emitting one or more gammas.

These gammas are usually highly energetic and they tou must

be attenu ted since they can contribute substantially to the

radiation dose. As the neutron penetrates the shield, it

undergoes scattering events which reduces its energy; if it

survives long enough, it will eventually become an

14



intermediate or thermal neutron and most likely be absorbed.

Therefore, this may be most important interaction in

shielding.

Individual shielding materials have a higher

probability for one of these events than another. Since

fission neutrons are born with very high energies, and since

high energy gammas also are produced, layered shields become

important to maximize radiaticn attenuation and minimize the

mass of the shielding concept. Besides having the ability

to maintain its integrity under severe radiation, the

shielding material must also be able to maintain its

integrity when placed under severe thermal and mechanical

stress. Minimizing mass, and maintaining structural

integrity for the reactor-s lifetime are the goals for a

space nuclear reactor shield.

15



4.0 Radiation Damage to the Payload

It may be quite some time until humans are subjected to

a close proximity to a space nuclear reactor. This is the

reason early space nuclear reactors were concerned with

shielding the electronics in the payload. However, in the

not too far distant future, astronauts may have to perform

maintenance on reactors or systems powered by reactors. The

shield must be able to perform its protective function

whether protecting humans or an electronic payload.

4.1 Human Exposure. The ultimate responsibility for

setting guidelines for radiation safety is the International

Commission on Radiological Protection (ICRP). In individual

countries, national committees are set up to follow ICRP

recommendations. This country has the National Committee

on Radiation Protection and Measurements (NCRP) [Cember,

1969]. The criteria for human terrestrial occupational

exposure set by the NCRP is well established and strictly

adhered to by industries. However, for space nuclear

reactors, this criteria would result in such massive shields

that the concept of a space nuclear reactor might not be

realistic (except for reactors used on the moon, etc.).

Shield design for nearby human existence is beyond the scope

of this thesis.

4.2 Radir.tion Exposure to Electronic Payloads.

Protection of the ?lectronic payload is the major function

of early space reactor shieldi. Protecting the payload

- ,



electronics must include protection from space reactor

induced radiation and natural radiation in space. Since

many of our current spacecraft utilize radioactive

elements, there is an experienced technology base for

radiation protection of electronics from low energy gammas.

However, radiation produced by a nuclear reactor introduces

high energy neutrons and gamma rays which will take a more

elaborate shielding scheme than what is presently used in

spacecraft. Various research centers such as Sandia

National Laboratory are engaged in extensive research to

harden electronics to enable them to withstand a higher

radiation flux. This will be most advantageous because it

will take less shielding mass to protect the electronics,

thus saving substantially on launch cost.

The basic radiation interactions were discussed in

Sections 3.1 and 3.2. The different photon interactions,

pair production, Compton scattering, and photbelectric

effect are dominant in distinct energy regions. The

particular energy ranges differ somewhat for different

materials. Figure 4.1 shows the three gamma interactions as

a function of the atomic number, Z, and gamma ray energy.

Silicon (Si) is the primary material of concern in shielding

elect;.onics. Its atomic number, Z, is equal to 14.

Photoelectric effect dominates photon interaction up to

about 50 keV. Compton scattering dominates from 50 key to

about 19 MeV. Pair production dominates at photon energies

greater than 19 MeV.
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Figure 4.1 Photon Interactions.

Neutrons interact by elastic scattering, inelastic

scattering, and absorption. Neutrons that collide with a

nucleus in an elastic scattering event can knock that atom

out of its lattice position. The energy necessary for this

is about 25 eV in most materials. Knocking an atom out of

the lattice position can cause it to dislodge other atoms as

well. This process cay, alter the material's ability to

conduct current or other desirable electronic properties.

Inelastic scattering can also cause displacement of atoms in

their lattice positions. Absorption sometimes leads to a

transmutation, i.e., converting one element to another.

Obviously, the properties of the target atom are lost. The

dominant processes in silicon are. the displacement of an

atom from its lattice position and ionization. Ionization is

18



any process by which an atom, molecule, or icn gains or

loses electrons resulting in a species having a net charge.

This can be caused by energetic neutrons or gamma rays.

Any space nuclear reactor shield system must be able to

protect the mixture of electronic devices contained in

integrated circuits. Neutrons, gammas, and charged

particles can permanently damage the electrcnics. Although

redundancy will be used in the electronic circuits, a shield

will still be essential to protect the payload for the

lifetime of the reactor. But the most important aspect of

the shield is that it provides the means to extend the

lifetime of the electronic circuits insuring that the

mission can be accomplished.
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5.0 Analyzing the Reactor

The nuclear reactor design taken for this thesis is

similar to the SP-100 reactor. The SP-100 is not in its

final design state. Therefore, although the reactor design

in this thesis is based on some of the features of the SP-

100 as of 9 August 1985, it will not be the same as the

final SP-1.00 configuration which may be built and deployed

near future.

This reactor is a small compact reactor with highly

enriched 2 35U. It is designed to produced 2 MWt, and it

serves as the baseline design for the FEMPID shielding

calculations with a few modifications.

FEMP2D was not used for the actual shielding analysis.

However, it was run to determine some important features to

be used in FEMPID. Primarily, it aided in the selection of

the proper energy structure for the cross sections.

Collapsing the cross sections will allow the codes to run

using less computer CPU time. The cross sections in the

collapsed group structure are defined so as to preserve the

interaction balance in each region. FEMP2D was used in an

attempt to verify the interaction definition for each

region since there were existing bench marks to verify

FEMP2D's results. The same group structure could then be

used with FEMPID with more confidence. This Section will

describe the reactor model use with FEMP2D and some of the

code setup r-o elires.



5.1 Reactor Description. A cross sectional view of the

core modeled is shown in Figure 5.1. Table 5.1 gives some

reactor data. It has a radius of 27.5 cm and a height of

approximately 62.25 cm (including the core structure).

There are 696 fuel pins consisting of highly enriched

Uranium Nitride (UN), 7 hexagonal in-core control and safety

rods, a flow baffle on the outside boundary of the fuel pins

consisting of a neutron absorbing material (B4 C) and

structural container, and 16 external control drums placed

in beryllium carbide (Be 2 C) reflecting material.

The sixteen control drums are mostly Be 2 C, but they

also contain a 120 degree, 1 cm segment of B4 C which acts as

a neutron absorber and is turned toward the core as in

Figure 5.1 when the reactor is in a shutdown mode. However,

for this analysis, the reactor is in its most critical

configuration which would be represented with the B4C turned

to the outside. (This is the reactor's operational

configuration.) In fact to simplify the configuration, the

B4 C segment is ignored completely. (A heutron getting into

the neutron absorber has a very small probability of

scattering back into the core contributing to the reactor

criticality.)

The center of the core consists of a hexagonal safety

plug shown in Figure 5.2. The innermost rod consists of

B 4C followed by Be 2C. When the reactor is shutdown, the B4 C

is inserted into the core for neutron absorption, and when

the reactor is operational, the Be 2C is inserted for neutron
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Figure 5.1. Reactor Core Cross Section.
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Table 5.1 Reactor Characteristics.

Core Radius 
27.5 cm

Core Height (Including Core Structure) 62.25 cm
Active Core Height 

32.00 cm
Fuel Pins:

Pin Diameter 
1.05 cm

Pitch/Diameter 
1.07

Fuel Pellet Material Utanium Nitride
Density 

14.32 g/cc
Melting Point 

2740 K
Pellet Column Height 32 cm
Cladding Material: 99% Niobium 1% Zirconium
Cladding Thickness 

0.074 cm
Density 

8.4 g/cc
Melting Point 

2640 K
Tungsten Liner 

0.013 cm thick
Number of Fuel Pins 696

Enrichment:

300 pins with 72% enrichment
in the middle 20 cm section;
96% enrichment in top and
bottom 12 cm.

396 pins 96% enriched
Coolant 

Lithium
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reflection. In the analysis, the reactor will be in the

operational mode. The cladding material, for the Be 2 C rod

consists of an niobium-zirconium alloy (Nb-lZr) which is 1%

zirconium. A gap separates the cladding and the outer

region of the hexagonal element. The outer region also

consists of Nb-lZr. All of the remaining 6 internal control

rods consist of these same materials.

0ITV. T. .

Figure 5.2 Hexagonal Control Rod.

The fuel rods consist of two different enrichments of

UN, 96% enriched in uranium-235 (235 U) isotope and 72%

enriched 235U to flatten the flux in the core. Figure 5.3

shows a cross sectional view of the fuel rods. The fuel

pellet in the center of the fuel pin is the UN. The pellets

ITT
0,- O cc

Figure 5.3 Cross Section of the Fuel Rods.
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are 0.85 cm in diameter. The density of the UN is 96% of

its theoretical density. The theoretical density of UN is

14.32 g/cc. The length of the fuel pellet column is 32 cm.

A 0.013 cm thick W liner is pliced between the fuel pellets

and the cladding material. The cladding consists of Nb-lZr

0.074 cm thick. The total diameter of the fuel pin is 1.05

cm and its pitch/diameter ratio is 1.07.

There are 300 fuel pins that have two axial enrichment

zones. These pins concentrate themselves in the area from

the center of the core joining the center safety plug with

their outer boundary approximately along the outer edge of

the 6 control rods shown in Figure 5.1. The remaining 396

fuel rods are uniformly 96% enriched.

A W wire spacer 0.0735 cm is wrapped helically around

each fuel pin. The fuel rods are arranged in a triangular

pitch with the outer boundary of the fuel area bounded by a

coolant flow baffle.

The baffle consist of two walls of Nb-IZr 0.125 cm

thick. There is an inner neutron absorbing material, B4 C,

which is 0.025 cma thick against each wall. The coolant flow

region is approximately 0.15 cm thick.

The coolant is lithium (Li), which consist of 7.5 atom

percent of the 6 Li isotope and 92.50 atom percent of the 7Li

isotope. The reactor core vessel is made of Nb-lZr and the

surrounding reflector material is Be 2C.
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5.2 Finite Element Code, The codes used in the analyses

were the Finite Element Multigroup P 1-Dimensional (FEMPID)n

and the Finite Element Multigroup Pn 2-Dimensional (FEMP2D)

codes. These radiation transport codes are based on a

spatial discretization using finite element methods and an

angle representation using spherical harmonic methods. They

are able to treat eigenvalue problems, upscattering in the

different energy groups, and coupled neutron and gamma

problems. They will run on vector machines and are written

in FORTRAN 77 (McDaniel, 1984]. The results reported this

thesis were calculated using the VAX 11/750 version of

FEMPID.

5.3 Setting a the FEMP2D Input. The core design modeled

for FEMP2D shown in Figure 5.1 was divided up into

concentric cylLnders two different ways as shown in Figures

5.4a and 5.4b. This was to determine the sensitivity of K-

effective with FEMP2D to core division. The answers were

essentially the same which indicates, for this reactor, that

core division is not very critical. Therefore, the

concentric division shown in Figure 5.4a was selected.

The material composition is modeled by creating a

homogeneous mixture for each zone. Atom densities are

calculated in such a way as to preserve the number of atoms

of each nuclear species within each zone. This procedure is

commonly termed "smearing." Effective radii must be

calculated for these zones since the geometric
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Figure 5.4a and Figure 5.4b. Smeared Zones for FEMP2D.
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configurations of the materials at the zone boundaries are

not circular. Radial zcne 1 is bounded by an hexagonal

element.

First, the area of the hexagonal element is calculated

using the formula:

Area = n*r 2 *tan(PI/n).

Where:
n = the number of sides, 6.

r = the distance from the center of the

hexagonal element to the center of one of

the hexagonal edges.

PI - 3.14159.

Since the area of a circle is PI*r2 the equivalent radius

can be calculated as:

R = (Area/PI) 0 5 .req

This value is used as the effective radius of the first

radial zone.

The next step is tc calculate an effective radius to

set the outer boundary of radial zone 3. There are 300 fuel

pins and seven hexagonal control rods in this section.

Also, there are coolant and wire spacers between the fuel

rods and fuel rod/control rod boundaries. Since the fuel

pins are in a triangular pitch, it will be necessary to

analyze the area ratios for one triangular cell to determine

the zone boundary. Figure 5.5 shows the triangular cell.

The diameter of the fuel pins is 1.05 cm. The pitch to

diameter ratio is 1.07. Therefore, the pitch between the

28
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Figure 5.5 Triangular Cell.

the fuel pins is calculated by:

Pitch = (P/D) * D.

Where: P/D = the pitch to diameter ratio.

D = diameter of tne fuel pins, 1.05 cm.

Next the total area of the triangle is calculated by using

the formula:

Area = 0.5 * a 2 * sin(theta).

Whiere:

a = pitch

theta - 60 degrees or PI/3 radians

for an equilateral triangle.

Using the following formula to calculate the area of the

fuel pins in the triangular zone,

Area = (1/6 + 1/6 + 1/6) * PT * (1.05/2)2 ,

the ratio cf the area of the fuei pins to the area of the

total triangle can be obtained. The area of the 300 fuel
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pins is 300 * P! * r 2 . Takig this total and multiplying it

by the inverse of the ratio of the fuel pins to the area of

the total triangle calcula+-d above gives the total area of

the 300 fuel pins, the coolant channels and the wire

spacers. The area of one hexagonal element has been

calculated. Taking that value and multiplying it by seven

gives the total area for the center safety plug and the six

control rods. \ddint the total area of the seven hexagonal

elements to the total area of the 300 fuel rods, coolant

channels, and wire sp)wer gives the total area bounded by

this effective radius. Calculating this effective radius is

done as above for the first effective radius. Appendix A

shows these calculations.

Since r, and r 3 , the effective radii calculated above,

are now known, r 2 is obtained by subtracting twice r1  'the

diameter of the hexagonal elements) from r 3 * r 4  is

calculated by realizing that it is the boundary of all 696

fuel pins, coolant between the pins, the wire spacer, and

the seven hexagonal elements. As before calculate the area

of all 696 fuel pins, multiply by the inverse of the fuel

pin to total area in the triangle. The value defined in

this mariner is total area of the 696 fuel pins, coolant and

wire spacer. This total is added to the area of the seven

hexagonal elements giving the total area of the fuel region.

r4 can now be calculated in the same way as r 1 and r3 were

using the same formula.

The other radii are given in Table 5.2. r5 is the
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radius from the center of the core to the reactor vessel.

r 6 is the radius to the outer boundary of the reflector.

Table 5.2 Effective Radii for Radial Zones.

r = 2.4414 cm

r2 = 7.4377 cm

r3 - 12.0877 cm

r 4 - 16.8492 cm

r5 = 18.4500 cm

r6 = 27.5000 cm

The core is then divided into axial zones. Figure

5.6 shows the homogeneous material zones used for

determining the axial division. Going from left to right

and bottom to top, the first zone is made up of Nb-lZr which

is the fuel pin cladding of the fuel pin plenum protruding

out of the top of the core, B4 C, which is the follower in

the seven hexagonal elements, and Li coolant. The second

zone consists of structural material, primarily Nb-lZr. The

third zone is the core. The fourth is the Be C reflector.

The fifth is a thin strip of fuel pin support structure or

grid supporting the fuel pins. It is composed of Nb-lZr.

Finally, the top is a pool or reservoir of Li coolant.

These physical boundaries, together with the different axial,

enrichment zones in the fuel, determina the axial zone

divisions to be used in this analysis. The first 300 fuel
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Figure 5.6. Axial Core Model.
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pins in the center of the core have two enrichments of 72

and 96%. The top and bottom 12 cm of these pins are 96%

enriched while the middle section is 72% enriched. Since

there is a change in enrichment zones, there is a change in

the atom densities also. Thus two axial boundaries are

created; one 12 cm from the bottom of the fuel pins and one

12 cm from the top. Figure 5.7 shows the radial and axial

zones created by the above scheme. The 42 material zones

created by the core division shown in Figure 5.7 have

nuclides whose atom densities-will be smeared to constitute

homogeneous mixtures. These homogeneous mixtures are

considered by the code as constituting specific materials.

This means that the homogeneous mixture in zone 1 is

considered one material, the homogeneous mixture in zone 2

is another material, etc. Zones I and 2 could conceivably

have the same nuclides in them, but not the same smeared

atom density. Thus, the code considers the nuclides to be

different materials.

Of course, different zones may be composed of the same

homogenized meterial. This usually happens when a radially

bounded zone is separated by an axial zone of different

nuclides. Setting up the material zones is called setting

up a mixing table.

5.4 Atom Density Calculations. The different nuclides used

to model this reactor are listed in Table 5.3. The atom

densities of each of these nuclides must first be calculated

before they are smeared in their respective zones. To
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Table 5.3 Nuclide Atom Densities. (Atoms/(Barn cm))

Nuclide Atom Density

96% Enriched Fuel:
Nitrogen 3.3226 E-2

235U 3.1913 E-2

238U 1.3129 E-3

72% Enriched Fuel:
Nitrogen 3.3131 E-2

235U 2.3939 E-2

238U 9.1920 E-3

1 8 2w 1.6627 E-2

183W 9.0403 E-3

184 1.9389 E-2

186W 1.8081 E-2

Niobium 5.5046 E-2

Zirconium 5.5602 E-4
6 Li 3.4748 E-3

7 Li 4.2856 E-2

Beryllium 7.6179 E-2

Carbon (In Be 2 C) 3.8090 E-2

10 B 2.1970 E-2

11 B 8.7881 E-2

Carbon (In B4 C) 2.7463 E-2
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calculate the atom densities of the materials for this model

the following formula may be used:

N(atoms/cc) = p * Na
Ma

Where: Na = Avogadro's Number, 6.022045 X 1023

atoms/(gm atom) or molecules/(gm mole).

Ma = Molecular weight gm/(gm atom) or

gm/(gm mole).

p = Nuclide density (gm/cc).

Consider Be 2 C:

P = 1.9 g/cc

Ma = 30.04 g/cc

N (1.9) * (6.022045 X 1023)

30.04

- 3.8090 X 1022 molecules/cc

N(Be) - (2) * (3.8090 X 1022)

- 7.6179 X 1022 atoms/cc

N(C) - 3.8090 X 1022 atoms/cc

The first calculation for N of Be 2C did not yield the

atom density of any of the constituent atoms, Be or C. The

value obtained has units if molecules/cc. In one molecule

of Be 2C, there are 2 atoms of Be ard one atom of carbon.

Therefore, the next two calculations yield the desired

results, NBe(atoms/cc) for Be and Nc(atoms/cc) for carbon.

Since the FEMP codes require the atom densities in units of

atoms/(barn cm) , it is necessary to multiply the atom

densities calculated by the above by 10-24 cm 2/barn.

Another way to calculate atom densities requires a
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knowledge of the crystal structure. Consider the crystal
structure of Nb-lZr shown in Figure 5.8. The atoms form a
cubic structure of 2 atoms per cell. For Nb-lZr, in 50
cells, there are 100 atoms. 99 of these atoms are Nb while
the other one is Zr. Since the sides of the crystal are
3.301 A, and 1 A equals 10-8 cm, the volume can be

calculated:

Volume of 50 cells = (50) * (3.301 X 10-8 3

= 1.7985 X 10-21 cC.
To get the atom density of Zr:

1 Zr atom/(!.7985 X 10-21= 5.5602 X 1022 atoms/cc.
The atom density of Nb is:

99 Nb atoms/(l.7985 X 10-21) = 5.5046 X 1022 atoms/cc.
Again, the values need to be multiplied by 10-24 to yield
the correct units in atoms/(barn cm) for the FEMP inputs

(Stein, 1986].

This technique works well for the simple crystal
structure of Nb-lZr. However, for complicated crystal
structures, it may not be a very feasible way to calculate
atom densities although it will always give the correct

theoretical atom density.

After calculating the atom densities for each material,
these atom densities are homogenized or smeared throughout
the zone which they are in. Zones 1, 2, and 3 all contain

Nb-lZr. However, they also contain other materials and the
Nb-lZr comprises a different volume fraction of the total
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Figure 5.8. Crystal Structure of Nb-lZr.

volume of the zones. This yields a different smeared atom

density for Nb-lZr for each of these zones when smeared in

each one. Table 5.3 gives the nuclides in this reactor

model with their respective atom densities.

To calculate the smeared atom densities for each zone,

the following formula:

W(smeared)- N(atoms/(barn cm)) * (Vm/Vz)

Where: N(smeared) = the smeared atom density in

the particular zone.

N(atoms/(barn cm)) - the atom density calculated

above.

Vm/Vz - the ratio of the volume of the

material in the zone to the

total volume of the zone.

Consider the Nb-lZr in zone 2 in Figure 5.7. That zone

has four nuclides: Nb, Zr, 6LW, and 7Li. From Figure 5.7

it is obvious that it is bounded radially by r1 and r 2 and

axially by 9.75 cm. The volume for the whole zone is then:
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Vz = 3.1416 * (7.43772 - 2.44142) * 975

= 1,511.8906 cc.

The Nb-IZr in this zone is the cladding of the fuel pins in

the plenum section of the fuel pin. From the triangular

cell analysis already done, the area of the fuel pins to the

total area of the zone may be calculated. First, calculate

the area of the zone:

Area of the zone = 3.1416 * (7.43772 _ 2.44142

2= 155.0657 cm

From the triangular cell analysis discussed in Section 5.3,

the ratio of the area of the fuel pins to the area of the

triangular cell is:

A fp/Ac = 0.4330/0.5466

= 0.7921.

Therefore, the area of fuel pins can now be calculated by

multiplying this ratio by the area of the whole zone:

Area of the fuel pins = (0.7921) * (155.0657)
2

- 122.8275 cm

Since Nb. lZr is the cladding of the fuel pins, the ratio of

the cladding area to the area of the fuel pins needs to be

calculated. The cladding for these fuel pins is 0.074 cm

thick. The area of the cladding for one fuel rod is:

A c- 3.1416 ((1.05/2)2 - ((1.05 - (2 * 0.074))/2)2)

And the area of one fuel pin:

A - 3.1416 * (1.05/2)2

= 0.8659 cm .
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The ratio of the area of the cladding to the area of the

fuel pin is:

Ac/A -0.2269/0.8659

= 0.2620.

The total area of the Nb-lZr is then obtained by multiplying

the ratio calculated above and the area of the fuel pins

calculated already:

A(Nb-lZr) = (0.2620) * (122.8275)
i 2

= 32.1801 cm2 .

And the volume of Nb-lZr is: (32.1801)*9.75 = 313.7628 cc.

There is now enough information to calculate the smeared

atom density for Nb-lZr for this cell.

NZr (smeared) = (313.7628/1,511.8906) * 5.5602 X 10-4

= 1.1541 X 10- atoms/!barn cm)

NNb (smeared) = (313.7628/1,511.8906) * 5.5046 X 10

= 1.1425 X 10-2 atoms/ (barn cm).

All the smeared atom densities in each zone can be

calculated likewise. However, for some zones it is not

necessary. For example, zone 25 is made up totally of Be 2C.

In this case, the volume ratio is 1 and smearing in

unnecessary. Also, when calculating the smeared densities

in zones where the material has the same height as the zone

(as was the case for the Nb-lZr above) , the smeared

densities can be obtained by using the area ratios since the

heights divide out in the volume ratios. The smeared atom

densities in Appendix B are calculated using the area

ratios for each zone.
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5.5 Dividing the Core into a Fine Mesh. FEMP2D and FEMPID

permit the core to be divided into a fine mesh grid which is

smaller than the zone division shown in Figure 5.7. Core

division can cause problems when the divisions do not define

flux alterations between the zone boundaries. For example,

the flux profile in the fuel region and the flux profile in

the control rods will be different. Therefore, caution

should be taken as to where the homogenized zone boundaries

are in the core. A consequence could be an erroneous

criticality calculation. Using a fine mesh spacing allows

for better numerical stability and could avoid this problem.

The core modeled in this thesis did not show this

sensitivity. Other core models may. The user should be

aware of this potential problem because other core models

may exhibit poor flux definition across zone boundaries.

Consider the radial zones, rI and r 2* There are 7

zones bounded by these radii: zones 2, 8, 14, 20, 26, 32,

arid 38. These zones have different materials in them. If

the mesh spacing was left with no fine mesh between the two

radii, then there is a good possibility that some of the

neutron and gamma interactions with these materials would

occur without the finite element scheme tracking it.

Therefore, for all the zones bounded by these radii, there

must be a fine mesh space defined radially such that the

fine mesh will not be longer than the mean free path of a

neutron in the materials for all the above zones. This

means that the material with the smallest mean free path



should determine the fine mesh structure, and the mesh

spacing should be no longer this value. This implies a

difficult task to calculate all. the mean free paths.

However, the FEMP codes do this and they print these values

out. The radial spacing can be picked arbitrary, the code

run, then the mean free paths checked with the output file

under a column called PLEN. This technique also applies for

defining the mesh spacing in the axial direction.

Appendix C has an input file used for the FEMP2D

analysis for this core. Determining the sensitivity of the

input data is a major concern when running the code.

5.6 Sensitivity of Solution to Material Atom Densities.

Since k-effective (Keff) is sensitive to the core

composition defined by the atom densities, the calculation

of atom densities can make a big difference in the Keff FEMP

converges on. It is obvious that the higher the 235U atom

density, the less volume it takes to have a critical

assembly. Also for higher neutron energies, there is some

fission in the 238U atoms. Other materials can also have an

impact on the value of Keff*

For certain energy groups, there is a higher

probability for absorption. Although inelastic scattering is

the dominant interaction for both Nb and Zr, they have a

slightly higher absorption probability in two energy groups,

the first and last. The last group is the lowest energy,

and since this is a fast reactor, these probabilities are

most likely not consequential. Since this material is 99%
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Nb, the absorption cross section for Zr is not likely to

have an effect on Keff. The Keff is sensitive to The W

content.

All the W isotopes have a higher absorption probability

in the lower energy groups. Couple this with the importance

of W's scattering probability, the W liner and wire spacer

could have an important contribution to the multiplicatio.7

factor.

5.7 Group Cross Section Structure Selection. Group

collapsing is when group constants are generated for a few-

group calculation using the energy spectrum generated by a

many-group calculation. The calculation group structure was

ccmposed of 25 neutron groups and 12 gamma groups shown in

Appendix D. The groups finally used in the FLMP1D shielding

calculations consisted of 16 neutron groups and 8 gamma

groups. Cross section sets may be obtained with many more

groups, but traditionally they are collapsed to smaller ones

to save computation time. With the advent of the CRAY and

other super fast computers, this may not be as big a factor

in the future as it has been in the past. But it still is

important to keep the computations within reasonable limits

to avoid computation overkill.

In collapsing, the broad group assumption is made that,

for the group selected, the energy spectrum will be the same

as it is for the initial group. To demonstrate the

collapsing process, consider only the absorption interaction
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for only two groups.

The following equation is used for absorption:

ZO zo Er
f dEI.(E)O(E) f dEE.(E)O(E) + f dEE.(E)O(E)

_, = "-_ £A £

f dE,ý(E) f dEO(E) + I dEO(E)
E, E2

E+4 + E.0 -

01 + 42

The Keff for both the 25 neutron and 12 gamma group

structure and the 16 neutron and 8 gamma gzoup structure was

0.995. This verified the use of the coarser group structure

for the FEMPID shielding analysis. For 3hielding analysis,

the Keff is not as important as generating the radiation

flux profile.
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6.0 FEMPID Analysis

FEMPID is the code used in the actual shielding

analysis. Because the code is one dimensional and has no

bounds in the Z direction, the core modeled for FEMP2D was

modified with different material mixtures for each radial

zone. There is a correction factor that takes into account

the infinite cylinder model.

6.1 Buckling Height Correction Factor. For a nuclear

reactor to be critical, the ratio of the neutron of a given

generation to the neutrons of the previous generation must

be equal to 1. This value is represented as K-infinity, the

infinite medium multiplication factor, and it is used when

there is no leakage of neutrons out of the reactor in a

model of an infinite reactor with no physical bounds.

Since a nuclear reactor has physical boundaries, another

multiplication factor which includes neutron leakage, Keff,

is used to describe reactor criticality. It is referred to

as the effective multiplication factor. If Keff is less

than 1, the reactor is said to be subcritical, and it will

not sustain a chain reaction. If Keff equals 1, the reactor

is said to be critical, and if Keff is greater than one, the

reactor is supercritical. For a power reactor, the reactor

should operate at a Keff of 1.

FEMP2D can account for the flux distribution in bvth

the R and the Z direction and thus the coL'responding neutron

leakage. FEMP1D models the reactor as an infini.te cylinder.
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Therefore, there is a correction factor to compensate for

the neutron leakage in the Z direction. FEMPID calls this

the transverse dimensions for buckling correction by

material, and it is the "equivalent height" for the

transverse direction.

Table 6.1 shows these buckling correction factors as

they are input into the code and their corresponding

geometric buckling. R and H in Table 6.1 represent the

Table 6.1 Height Correction Factors.

Geometry Geometric Buckling B21 Equivalent Height

Rectangular - b
Parallelepiped +al+bI k•I

(a) + +

Cylinder

( ( H 1R

Layered Cake
Cylinder 2=- 2

v = 2.405

extrapolated radii and heights for each geometric

configuLation. Each material must have a correction factor.

The word material here actually means the mixture of

nuclides in etch zone. If zone 1 has four nuclides, Nb,

Zr, E, and C, then the code would consider each of these

nuclides as constituting one material. In other words, if

the nuclides are homogeneously mixed in each zone, then the

correction factor must be applied to each zone. In some

zones, such as the shield, the factor may be zero since the

shield is far enough away from the core that it contributes

little to core criticality.
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Som2 geometries do nit have a correction factor. For

example, a sphere, which has the most efficient geometry in

terms of neutron leakage, does not have a transverse

direction. Therefore, it has no correction factor.

The height correction factor adjusts the height

somewhat so as to model the neutron leakage in the axial

direction. Without it, the calculated Keff would be too

high since there would be no way to account for the rneutron

leakage in the axial or Z direction; these neutrons would

then be assumed to he in the reactor contributing to

fission.

6.2 LPN Determination. Many mathematical functions can be

expressed as series expansions or by a set of polynomials.

For example, a Taylor series can represent functions such as

sin(x) or exp(x). When a series expansion is used, there

comes a point when an appropriate number of terms are

carried in the expansion such that the answer is affected

negligibly by continuing with more terms. If a function

describing the neutron flux can be expanded, then there

needs to be a determination as to the order of the expansion

to minimize computation time and cost.

Using spherical harmonics method, the flux can be

expressed by Legendre polynomials [Henry, 1975]. Legendre

polynomials can be derived (see Appendix E) by solving the

following differentia] equation:

(1 - x2)d2y/dx 2 - 2x dy/dx +7(p + l)y = 0.
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The general solution to this equation is:

y = C1 Up(X) + C2 Vp(X).

Where:

Up(X) = 1 - (p(p + 1)/21) X2 + (p(p - 2)(p + 1)(p + 3)/41)X4

-(p(p - 2)(p - 4)(p + 1)(p + 3)(p + 5)/61)X6 +

And:

Vp(X) = X - ((p - l)(p + 2)/31)X3

+ ((p - I)(p - 3)(p + 2)(p + 4)/5!)X5

- ((p - 1,(p - 3)(p - 5)(p + 2)(p + 4)(p + 6)/7!)X 7

If p is zero or an even positive integer, then Up(X)

will terminate with the Xn term. Therefore, it is a

polynomial of degree n. If p is an odd positive integer,

then Vp(X) can be expanded to a polynomial of degree n.

Otherwise, these series diverge. If the series are

convergence, they converge in the interval [-1, 11

[Hildebrand, 1976]. The neutron transport equation caqi be

discretized in its angular dependence so that Leg~ndre

polynomials can be used.

The neutron transport equation can be written in the

form: V1 (r,E, 0) + Et,(r,E)4T(r,E, ) =

ff E.(r, E4, 0' -. E, 0n'I(r, E', ')dE'd0'

4s

+ S(r, E, r)
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To simplify the geometry, consider a one dimensional slab

defined in only one finite direction, Z. By problem
a'@

selection, •-

alp

A- ; where v = cos ( e ).

Since the range of values of cos( 8 ) is the

interval [-1, 1] , it is auspicious that a spherical

harmonics expansion leading to an expression in Legendre

polynomials may be used. These polynomials are orthogonal:

S2

J P(.i')P.(A')d' =2+ for I =n

-If Mj')P.GjA')d/A' = 0 when!1 $ n.

They can be computed from the following three relations:

RO 0") = i

(21 + i)IzP,(p) = (I + i)P,+I(IA) + PI,_(i4).

The a:igular flux density can be expanded:

(z. E,= (2n+ +E))P.. (IA(.

The FEMP codes have an input parameter in the 1$$ array

which sets the spherical harmonic order called LPN. There

needs to be a determination of order of expansion necessary

to define the flux without computation overkill. This was

done by making several FEMPID runs settinlg LPN - 1, 3, 5, 7,
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and 9 for both the LiH/W and the B4 C/W shield models.

Figure 6.1 - Figure 6.14 show the results of this effort.

Consider Figures 6.1 and 6.5 to determine the effect

spherical harmonic order had on reactor criticality for both

the LiH/W and B4 C shield models. Between LPN = J and 3,

there was a big relative change in Keff. Keff between LPN =

3 and 5, exhibits a smaller change. Then there is little or

no change at all in Keff between LPN - 5 and 9. This means

that LPN = 5 is sufficient for reactor criticality

calculations.

For the shielding analysis, there needs to be an

examination of the flux definition in the shield itself to

determine the spherical harmonic expansion effects for both

shields. Figures 6.2 -6.4 and Figures 6.6 - 6.8 show the

neutron fluence at 77, 100.2, and 130 cm from the end of the

reactor. These points are all in the shield and the neutron

fluence in plotted as a function of the spherical harmonic

order, LPN. Again, there is a big relative change in the

fluence between LPN - 1 and 3. Also, there is a smaller

change between 3 and 5. When LPN = 5, the fluence

stabilizes with very little or no change between 5, 7, and

9. This indicates that LPN = 5 is a sufficiently refined to

define the neutron flux in the shield.

This same analysis was done for gammas, Figures 6.9 -

6.14 show these results. The same conclusion can be made

about gamma profile as above for Keff and the neutron flux.

But consider the seemingly erratic behavior between LPN = 1
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and LPN = 3 in Figure 6.9. This region of the shield is in

W. It is expected that there are numerous secondary gammas

being prcduced as a result of inelastic and capture in W

isotope. Since this interaction rate is dependent upon

group energy, it appears that energy dependent flux defined

by LPN = 1 had a higher probability for secondary production

than the the other spherical harmonic expansions did when it

reached the W slab. The reason this doesn't happen in the

B4 C shield is that the neutron energy is different at this

point than in the LiH shield.

The importance of determining the spherical harmonic

order is that it saves a substantial amount of CPU time

which ultimately saves computation cost. For this reactor

model, a spherical harmonic order of 5 was :ound to proJuce

as accurate an answer in Keff, the neutron flux, and the

gamma flux as did the higher order expansions. Therefore,

an order of 5 was selected for the shielding analysis.
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6.3 Coarse Mesh Model With Shield. The FEMP codes ptovide

a very useful input parameter which can save substantial

computational time. In the case of shield design, a core

model can be represented by a fine coarse grid without the

shield. This grid is much smaller than the material's mean

free path. Most numerical algorithms produce a more

accurate answer when more mesh spacing is introdrced. As in

any computational scheme, the accuracy may not change beyond

a certain number of mesh points, or the change may be very

insignificant. When the fine mesh has been selected and the

FEMP code executed, the output can be. stored to be used for

latter runs. FEMP provides the storage of the group

dependent flux to be stored on unit 1U (or tape 10 as the

manual calls it). This parameter, ISTRT,. is set in the 1$$

array (See Appendix C). Also, the keff calculated for the

fine mesh can be used in another run. This input, XK, or

eigenvalue eztimate, can be put into the input deck in the

2** array. Using the fine mesh gives a good definition

of the flux profile from the core. For shielding, this is

more important than the criticality calculation. When the

model with the shield attached is set up, there is no need

to use fine mesh spacing in the core if the output from the

previous run, stored on unit 10, is used as the initial

guess. Actually, this is not a guess at all, and the code

will need no iterations to improve on this answer. A coarse

mesh spacing may then be used, as long as the mesh spacing

chosen is no longer than the shortest. material mean free
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path in each material zone. Powever, to ensure that the

shield is is giving an accurate answer for the flux profile

in it, a fine mesh spacing may then be for the shield only.

A fine grid may also be initially used to check for

differences in the flux definition, and/or the critically

convergence, between a fine or course grid. If both runs

are dcne before modeling the reactor with the shield

attached, and the answers are insignificantly different,

then there is no need to store the flux, calculated by the

fine mesh, on unit 10 and use it for the shielding

calculations. The coarse core grid model can be used with

the shield, allowing it to generate its own core flux

profile, since it can converge with the same accuracy as the

flux input from unit 10 generated by the fine mesh.

6.3.1 FEMPID Reactor Model. Figure 6.15 shows the core

configuration used for the FEMPID shielding analysis. The

core is composed of 4 material zones. The atom densities

calculated for this run were calculated using the formula:

, =

Where: 7. is the fraction of super zone volume

occupied by the jth zone.
.th

N.. is the nuclide atom density in j zone.iJ

Ni is the atom density in the super zone.

N was calculated for the FEMP2D runs. The materials used

for FEMPID can be related to the FEMP2D materials as shown

in Table 6.2. Zones 5, 6, and 7 comprise the shield, and
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Table 6.2 Relationship of FEMPID Zones to FEMP2D Zones.

FEMPlD ZONE FEMP2D ZONES

Zone 1 Zones 14 and 26

Zone 2 Zones 15 and 27

Zone 3 Zones 16, 22, and 28.

Zone 4 Zone 20

have different compositions depending on whether the B4 C or

the Lia shield is being analyzed. The materials used in

FEMP2D can also relate to FEMPID as shown in Table 6.3.

Using this information the volume averaged smeared atom

densities where calculated as shown in Appendix B. Table

6.4 shows the nuclide composition of these materials.

Table 6.3. Relationship of rEMPID Materials to FEMP2D.

FEMPID Material FEMP2D Materials

Haterial 1 Material 2

Material 2 Materials 7, 8, 11, 12

Material 3 Material 5

Material 4 Material 13

Once the atom densities and zones are set up then the

FEMPID input file is set up as shown in Appendix C. For

shielding optimiiation for both volume and mass, the gamma

shields (W or 2e) were moved at 10 cm increments up and down
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the shield.. A comparison was made as to the shield

thickness that satisfied the dose constraints. This is

discassed in ietail in Section 8.
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Table 6.4 Core Material Composition for FEMPID.

Nuclide Material Number Atoms/Barn/Cm

Niobium 1 1.1425 E-02

Zirconium 1 1.1541 E-04

Lithium 6 1 6.8148 E-04

Lithium 7 1 8.4050 E-03

Nitrogen 2 1.5015 E-02

Uranium 235 2 1.3461 E-02

Uranium 238 2 1.5539 E-03

Tungsten 182 2 1.4963 E-04

Tungsten 183 2 3.5321 E-04

Tungsten 184 2 6.9613 E-04

Tungsten 186 2 7.0644 E-04

iNiobium 2 1.1407 E-02

Zirconium 2 1.1523 E-04

Lithium 6 2 5.9377 E-04

Lithium 7 2 7.3232 E-03

Beryllium 2 7.5108 E-03

Carbon 2 3.7554 E-03

Niobium 3 5.5046 E-02

Zirconium 3 5.5602 E-04

Lithium 6 4 3.4743 E-03

Lithium 7 4 4.2856 E-02
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Figure 6.15. FEMPID Reactor Model.
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7.0 GeneraL.n4 Dese Response Functic-ns

FFMP2D and FEMPID will generate gamma and neutron

radiation fluxes which may be multiply by a dose rate

conversion factor to produce a radiation dose. A dose is

the absorbed energy deposited in the medium by the

radiation. Radiation damage is measured in different units.

A gray is the SI derived unit of absorbed dose, but the unit

most commonly used is the rad (Radiation Absorbed Dose). A

rad is equal to an absorbed dose of 100 ergs of energy per

gram of matter. Conversely, iGy - 100 ergs. The dose

requirements for this reactor is 5 X 105 rads for gammas and

1 X 1013 Nvt, or neutron fluence which is the time

integrated neutrcn flux. Both of these requirements are for

a seven year period and are set for silicon, the primary

medium for microelectronics. The neutron radiation is the 1

MeV equivalent dose. Therefore, the shield must be able to

protect the payload at a dose plane 25 meters from the

reactor core for these requirements to successfully complete

a required mission. The code used for generating dose rate

conversion factors for this analysis is called RFCC.

Appendix G shows the RFCC input manual.

7.1 Setting u2 RFCC. Appendix G has an input manual for

RFCC, two sample input files, two sample output files, and a

sample FEMPID input deck using the information generated by

these RFCC input files. The first input data set generates

the neutron flux to dose conversion factor. For this



analysis, the first parameter, IRFC, was set to 1. This

instructed the code that it is to generate multigroup

response functions only. If IRFC had been set to zero or 2,

then the rest of the input deck would have been put into

arrays using the FIDAS input scheme The next input is

ICASE, the cesponse function case number. It is set to 1.

This input deck is to gene. ate flux to dose conversion

factors. The next parameter, IMG, tells the code what

response function to generate. In the sample input file,

IMG is set to 9, which generates the dose rate conversion

factors for human tissue. (The manual is not clear on

this.) The next parameter, NG, is the number of energy

groups for which conversion factors are to be generated.

This number is set to 16. Next, both the upper and lower

bounds of each energy group has to be entered. Actually,

the code is clever enough to assume the lower bound for

energy g~oup one is the upper bound for energy group two,

and the lower energy bound for group two is the upper group

to group three, etc. Therefore, if there are 16 neutron

energy groups, there must be 17 entries to define the group

structure to the code, the last being the lowest energy

bound in the lowest energy group.

Dose conversion factors can be geneLated again at this

point for another group structure arid/or a different

material such as silicon. if only the 16 neutron group

conversion factors are desired, set the next three

parameters after the lowest energy bound of the lowest
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energy group to zeros. This sets ICASE=IMG=NG=O and

terminates the run.

The output file simply states the eiergy group number,

che upper and lower bounds fo.. that anergy group, and the

dose rate conversion factor for that energy group

(averaged). The units of =c dose rate conversion factor

are in Rem/hr/(n/sec-cm2 ). Appendix G shows the sample

output file generated with the input deck described above.

This same process is done to generate dose rate conversion

factors for gamma radiation.

7.2 Using the Output of RFCC in FBPIr Both FEMPID and

FEMP2D can use the output of RFCC. FEMP2D uses this data in

the 37** array while FEMPID uses it in the 35** array. Since

the inputs are similar for both codes, only the FEMPID input

will be discussed.

In the 1$$ array, the last input parameter is called

NRF. This is the number of response functions that are

going to be input into the 35** array. For this analysis,

NRF is set to 2 because the response function for neutron

radiation (the set of dose rate conversion factors generated

by RFCC for neutron radiation), and the response function

for gammas (the set of dose rate conversion factors

generated by RFCC for gamma radiation) will be input.

Consider the neutron dose rate conversion factors

first. RFCC generated 16 converaion factors. One

conversion factor for each energy group. These sixteen

will be the first 16 entries in the 35** array as shown in
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Appendix G. Since the code expects 16+8-24 eneroy groups

(3.6 neutron grcups and 8 gamma groups), then the last 8

entries for the first response function are zero. This is

basically telling the code that the first group of response

functions ai~e for neutrons only.

Next the entries must be made for the 8 gamma groups.

Again the code expects 24 entries since thpt is the total

number of energy groups. Since the first 16 are neutron

energies, and they are not of any interest in the second

response function, the first sixteen entries must be zero.

FEMP permits efficient input of repeated quantities. Since

there are zeros in the last 8 entries for the first response

function, and there are 16 zeros in the beginning of the

inputs for the second response function, there are 24

repeating zeros in this array. The sample input deck in

Appendix G shows an entry "24R0.O". This is telling the

code to enter zero 24 consecutive times. Finally, the last

eight entries in this array are the eight dose rate

conversion factors generated by RFCC.

When the ?'EMP code using this input deck is run, there

will be columns near the end of the output deck labeled

"PESP 1" and "RESP 2". These columns represent the total

radiation dose produced by neutrons (RESP 1) and the total

dose produced by gammas (RESP 2). RESP 1 is the sum of the

neutron flux for each energy group multiplied by the dose

rate conversion factor for that corresponding energy group.

RESP 2 is the sum of the gamma flux multiplied by the
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corresponding dose rate conversion factor for each energy

group. This output parameter can be calculated for

different positions in the reactor and shield to see the

radiation level at a particular position. For the shielding

analysis the values were printed as different positions in

the shield to determine the position in the shield where the

radiation was attenuated to the specified levels.
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8.0 Shield Optimization

Designing a shield for a space nuclear reactor must

include many considerations. Shields must be structurally

stable. They must be able to attenuate the radiation levels

for a least the proposed duration of the reactor mission.

Considered for this analysis are the following layered

shield concepts: the tradritional LiH and W shield, a

Be/LiH shield, a W/B4 C shield, and a Be/3 4 C shield. Many

considerations, such as thermal expansion and material

compatibility, can make the shield unacceptable. However,

if the shield material cannot attenuate the radiation to

acceptable levels within a certain mass and volume

constraint, it is elim:inated as a candidate shielding

material regardless of its other material properties.

When the shielding material is aelected, then its

weight must be calculated to determine the feasibility of

using the material as a shield. Also, volume is a major

constraint since some of the early space nuclear reactor

may be launched in the space shuttle. If the launch vehicle

is the space shuttle, then it is possible that the limited

volume of the shuttle bay may determine the shield de'sign.

Therefore, with the candidate shielding m att.r ial

investigated, both volume and mass were the crite7.ia for

optimization.

8.1 Tungsten and Lithium S1dide Shield. A -Layered V i/LiH

shield has been advocated as the lightest shield for space



nuclear reactors. W, zecause of its high electron density,

has the ability to interact with gamma rays much more than

any of the other three materials. Unfortunately, its high

density means it is heavier than the other materials with in

the same volume. The dominant probability for all W

isotopes' neutron cross sections is scattering.

In the 16 group cross section set, the major cause of

secondary gammas in 182W for high energy neutrons is

inelastic scattering. The probability is the highest in the

higher energy ranges, specifically, the upper 5 groups

ranging from 1 MeV to 17.33 Mev. Energy group 5 has a cross

section of about 2 barns for the lowest probability in these

groups, whereas energy group 3 has a cross sect.ion of about

3.15 barns for the highest probability.

182W has many resonances for absorption (which pr•oduces

gammas) probability from about 5 X 10-3 MeV. Therefore a

thermal neutrorL, or neutron in group 16 defined in cross

section set use for this analysis, has a good probability of

secondary gamma production. These resonance peaks .re

extremely sharp, which implies that they have a narrow

energy range. But they are numerous indicating a neutron

that escapes one resonance is likely to encounter another as

soon as it interacts reducing its enervy. From 5 keY to

energy group one, the probability of absorption decreases to

below 0.8 barns. This indicates that as W is moved far

enough away from the core, and the neutLons have lost som.ze

of their energy through collision in the LiH, this
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interaction becomes more important.

For 183W the neutron absorption cross section gets very

low at the higher energy ranges. Like 182W, the inelastic

cross section ranges around 3 barns for the five highest

energy groups, with the lowest probability at about 2.1

barns for energy group 1, and about 3.3 barns for group 3.

184W and 186W demonstrate the same behavior. This

implies that for fast groups there is much more secondary

gamma production caused primarily by the inelastic

scattering, but in the lower energy groups, there is some

secondary gamma production due to neutron absorption.

The Li modeled in this shield is composed of two
6 7

isotopes, Li and 7Li. Since Li has a low atomic number

indicaLtng few orbiting electrons, its gamma attenuating

cliaracteristics are not significant. For neutrons. 6Li

doesn't have a large cross section for- absorption at the

high energy groups, however, for the lower groups, the

probability goes up significantly. The concern for this

reaction is that absorption could cause an exothermic

reactlion, described ii Section 2.2, heating up the shield

and pos;sibility effecting its stability. 6 Li's elastic

scattering probability is not very high except in energy

grou.p 7 where it peaks to about 5.5 barns.

7Li has similar elas :ic scattering characteristics,

e.,cept ttt, although enery group 7 is the maximum, the

peak is only about 4.8 barns. The absorption probability

for 7 Li is very low for eveiy energy group in the sixteen
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group struct.%re.

In combination with the Li in the LiH shield is the

ultimate neutron attenuator, hydrogen. Hydrogen is desired

because of the neutron energy lost per collision, a result

of the hydrogen atom and the neutron being roughly the same

size. Therefore, the higher the hydrogen content in a

neutron shielding material, the more effective the neutron

shield is.

Be was used in combination with LiR for one shield

model. Be has a peak elastic scattering probability of

about six barns for the lowest energy group, and about 2-5

barns in the high to the intermediate energy groups. It has

a very low absorption probability although it does have a

troublesome (n, 2n) reaction starting at about 2.8 MeV.

The use of a Be/LiH shield implies tha; there is no gamma

shield. This is actually the case since Bes atomic number

is only 4 which indicates that it ,sn't much better for

gamma attenuation than Li. The trade off in .*ucscion in

using this layered shield is to determine if the Be/LiH

shield would be a better overall shield than thu W/LiH

shield since, although W is a much better gamma shield, W

produces secondary gamma which also have tc be attenuated.

Be was also used layered with B 4C. Boron has a large

absorption cross section for thermal neutrons. However, for

high energy neutrons,. this is not the case. In fact, for

i0B the absorption probability is less than one barn until

the neutron energy level reaches the intermediate energy
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ranges. In the lower energy ranges, the probability climbs

well over ?.00 barns. 11B has a very small absorption

probability for all energy groups. From intermediate to the

lower energies, it has a scattering probability of from 4 to

5 barns. This will help reduce the neutron energy so that

the absorptioa probability from 1 0 B can dominate.

Finally, carbon is a streagth giving material that also

aids in the B4C shield. It has almost no absorption cross

section, but it does have a scattering cross section from

about 3.5 to 4.7 barns from energy groups 6 to 16. These

collisions also help reduce the neutron energy so that the

neutron is more likely to be absorbed in the 10 B isotope.

8.2 Dose Specifications. The shielding analysis for this

tiesis was set up to determine what shielding configuration

for both mass and/or volume yielded the satisfactory dose

limits. The dose requirements for gamma rays was set at 5 X

105 rads. For neutrons, it was set at 1 X .0 13 Nvt, the

time integrated flux. Both requirements are for seven

years. The dose plane is 25 m from the reactor core, and

the half cone aaigle to be protected is 17 degrees. Since 25

m >> 27.5 cm, the reactor radius, then the radiation can be

considered to originate from a point source, i.e., the

reactor "looks* like a point source at 25 m.

Assuming the radiation distribution is isotropic, or

equally likely in all directions, the streaming attenuation

factor (SF) can be calculated as follows:
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SF = A =.gd 1_rr, ro,

47rR 2  4rR2  4R 2

rok =-the radius of the shield, - 55.3 cm.
R =-the distance from the ccr to the dose plane, 25 m.

55.32
SF = = 1.2232z10-4

4[(25)(10 2 )]2

The SF describes the divergent nature of the radiation once

it leaves the shield's surface. The inverse of the SF

yields the dose in the shield 25 meters from the dose plane.

S=8.1750x10.SF
Adjusting the gamma dose with the SF yields:

(5 X 105) (8.1750 X 103) - 4.0875 X 109 rads.

Adjusting for the neutron fluence yields:

(1 X 1)13) (8.1750 X 103) - 8.1750 X 1016 nvt.

Since the radiation unit rad is defined as 100 ergs of

energy deposited in a gram of material, the gamma dose needs

to be correlated to the material for which it applies. In

this case, silicon is the material to be protected since its

integrity must be maintained for the electronic circuits in

the payload to function. Also the units of the energy

deposition can be changed to match the dose rate conyersion

factors input into the code. To get rads into units of rads

silicon, the followinq conversion factor is used:

1 rad - (100 ergs/gm)(2.42 gm/cc)-242 ergs/cc,
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where 2.42 gm/cc is the density of silicon.

(242 ergs/cc) (6.2418 X 1011 eV/erg) = 1.5105 X 1014 eV/cc

therefore, 1 rad = 1.5105 X 1014 eV/cc.

The dose rate in rads silicon is.

DR (rad Si) = (4.0875 X 109) (1.51C5 X 1014)

= 6.1742 X 1023 ev/cc,

where eV/cc are the energy deposition units to match

the dose date conversion factors.

The two dose limits are now established for this analysis.

They are:

for neutrons: 8.1750 X 1016 nvt

for gammas: 6.1742 X 1023 eV/cc.

8.3 Determination of Shield Boundaries. The shield

models subjected to the above constraints was composed of 67

cm of the neutron attenuating material and 1 cm of the gamma

attenuation material. FEMPID can be required to print the

flux and/or dose for neutrons and gammas at points

throughtout the core or shield. This analysis only required

the dose print out in the shield. The points chosen began

at 14.75 cm in the shield and ended at 67.75 cm at intervals

of 0.535 cm. These values are displayed in the FEMPID

output file. The column headed "XOUT" is the distance the

point in question is in the shield added to the core length.

For example, the point 14.75 cm in the shield corresponds to

62.25 + 14.75 - 77.00 in the XOUT column.

The output file then prints out the dose at specified
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points. For this analysis, 100 points were chosen for the

printout. The code was instructed to do this by setting the

parameter "NPOUT" in the 1$$ array to 100. The 34** array

thin had to contain the position of the 100 points. There

are two ways to do this. All 100 points can be input by

hand, i.e., 77.000, 77.535, 78.071, ... ,130.000. If the

points in question are equally spaced (they can be spaced

unequally if desired), then the code allows the use of a

handy interpolation scheme making inputs much faster. To

get 100 points between 77.000 and 130.000 an input in the

34** array may have an entry "98177.0 130.0" telling the

code to enter 98 equally spaced points between 77.0 and

130.0. Thus, the spacing is 0.535 between each point. This

scheme may also be used in the other arrays defining mesh

spacing for FEMP2D and FEMPID.

If the neutron and gamma dose was of interest is at a

point 15.285 cm in the shield, then it could be found in the

output file by looking at the XOUT column for this value:

62.25 + 15.285 - 77.535.

On the same page in the output file that has the XOUT

column, the left hand column displays a sequence of numbers

"1, 2, 3, ... , etc. These can be considered as the position

numbers for each value in the XOUT column. The last

parameters (before the accounting information) will have the

following format:
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POSN RESP 1 RESP2

1 1.9071E+17 2.1774E+24

2 1.6180E+17 1.6705E+24

3 1.3904E+17 1.6762E+24

100 3.5523E+12 4.5663E+23

The dose rates for a point 15.285 cm in the shield is 1.6180

x 10 1 7 nvt for neutrons and 1.6705 X 1024 eV/cc for gammas.

It is easy to see how to utilize this scheme to

determine the point in the shield in which the dose

constraints are satisfied. Just read down the coluimn under

RESP 1 until the its value is less than or equal to

8.1750E+16. That is the position where the neutron dose is

attenuated to the allowable level. Then read down the

column headed RESP 2 until the value is less than or equal

to 6.1742E+23 for the gammas. This is the point where the

gamma rays are attenuated to the specified level. (RESP 1

and RESP 2 do not always have to be for neutrons and gammas

respectively; they can be the cther way around as determined

by input file manipulation.) The point with the largest

position number, is the minimum shield thickness to

attenuate both the neutron and gamma radiation to an

acceptable level. Its thickness can be determined by

looking at the section of the output file that has the XOUT

values in it, and matching the corresponding position number

with the XOUT value and subtracting 62.25, e core length,

from it.
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Since the shield thickness is now Known, the next

question is the shield radius. The cone half angle

determines this. The cone half an~le of 17 degrees implies

that any neutrons or gammas leaking out the angle do not

contribute to the radiation dose at the dose plane since

space is essentially a vacuum and there would little

scattering outside the cone angle back in. The shield

places the payload in a protective "shadow" in which the

radiation levels are acceptable. This alao makes the shield

much lighter since the core does not need a sphere shaped or

4 pi shield protecting in all directiczus.

Figures 8.1a and 8.1b show that the shield thickness is

constant for the radius core. The shield is essentially a

"layered cake" of neutron and gamma shield materials behind

the zeactor core. Then the layered cake materials make an

angle of about 76.6 degrees intersecting the cone angle.

The thicknesses in the tapered zones are constant with each

other. Since the gamma shield is 1 cm in the shield behind

the core, it is also 1 cm in the wings intersecting the cone

angle. Some shield designs tapper the gamma shield into a

point, (in effect, making it a three point volumetric zone

instead of a rectangular volumetric zone) however, doing

this requires some intuition [Engle, 1984]. To be sure that

the shield designs analyzed in this thesis meet the dose

criteria, the gamma shield maintained the same relative

thickness in the shield wing as behind the core. The points

where each part of the layered shield intersect the cone
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Gamma SbIeld Next to Core.

Gamma Shield Away From the Core.

Figure 8.1a and 8.1b. Core and Shield Configurations.

angle is determined so that the shield's mass and volume can

be calculated.

The volumes and masses were calculated using a shield

volume code, SHVOL.FOR, written in FORTRAN 77 specifically

for this thesis. It calculates the intersection points for

each segment of the shield and then i•alculates the shield's

mass and volume using a volume of revolution mapping

technique. Appendix F describes the code, its input and

output in detail.

As the gamma shielding material is moved up and down

the shield, the mass and volume changes in two ways. If

the two shields in Figures 8.1a and 8.1b are the same

volume, then moving the gamma shield away from the core

increases its volume since the gamma shield must be extended
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in the wing portion of the shield to intersect the cone hdlf

angle. It will displace a volume that was once occupied by

the neutron shield. Gamma shields are more dense,

therefore, they weigh more. Hence, a heavier material is

replacing a lighter material increasing %he shield's total

weight. However, if by moving the gamma shield decreases

the neutron shield material enough such that much less of

it is needed to attenuate the gamma and neutron radiation to

the specified levels, the ove;-all shield mass can decrease.

This happens because the neutron and gamma interactions are

energy dependent. Moving the gamma material away changes

the neutron energy incident to it from the core, i.e., the

neutron material. The consequences of this could be, for

example, that there is less secondary gamma production,

which has to be attenuated by the noutron shield. Since the

charactezistics of the neutron shielding material dictate

that it isn't a very good gamma shield, it usually takes a

substantial amount of neutron shield material to attenuate

the gamma rays. Therefore, the lower the secondary

production, the better. Inelastic scattering can also

reduce the neutron energy substantially. If the gamma

shield is placed in an energy dependent flux such that the

probability of inelastic scattering is larger, then it can

help the neutron shield inasmuch as there need not be as

much of it to attenuate the Nvt to the acceptable dose.

These are the trade offs that are important in this

analysis.
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8.4 Shield Analysis. There were four shielding

configurations considered in this analysis: W/LiH, W/B4 C,

Be/LiH, and Be/B 4 C. W and Be are considered the gamma

shielding materials, whereas LiH and B4C are considered the

neutron shielding materials. This is a bit misleading since

Be does not a high atomic number, and therefore, it is not a

good gamma shield. It is Be's neutron attenuating

characteristics that do not produce secondary gammas that

make it a desirable material to look at. In the shields

with no W, the neutron materials will be used to attenuate

gammas.

The gamma shielding material is moved up and down the

shield in ten cm increments to determine the best shield

configurations satisfying the dose requirements. If a shield

configuration could not meet the dose requirements, it was

discarded. Also, the possibility exist where the gamma

shielding material was positioned at a point beyond were the

dose constraints were met. For example, if the gamma

shielding material were placed 50 cm from the core, and

the gamma and neutron dose was satisfied at 46.4 cm, then

that shielding configuration was thrown out. The neutzon

material was basically shielding both gammas and neutrons by

itself.

Two considerations are used for shielding. Attenuating

the dose for silicon and attenuating the dose for humans.

FEMPID was ran before the shield was put into place to

calculate the radiation dose not attenuated out of the
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reactor core, One run was made for silicon dose. The dose

was calculated to be:

1.0114 X 1019 nvt for neutrons, and

1.1777 X 1025 eV/cc for gammas.

The number of doses "can be calculated as:

No of Doses - dose/(allowed dose).

The allowed dose for gammas is 0.5 X 106 rads. Therefore

the calculated flux is:

(1.1777 X 1025 eV/cc)/(1.5105 eV/cc/rad)-7.7968 X 1010 rads.

The number of doses is:

No of Doses = 7.7968 X 10 10/0.5 X 106

5
= 1.5594 X 10 , for gammas.

For neutrons, the nLuber of doses is:

No of Doses = 1.0114 X 10 1 99/10 1 3

6
= 1.0114 X 10

Taking the ratio of the number of doses for neutrons and

gammas yields:

1.0144 X 106/1.5594 X 105 = 6.4858.

This implies that it is 6.486 times as hard to shield

neutrons as it is gammas for silicon. If this is done .cet

humans, it is 66.32 times as hard to shield for neut'r,

for gammas.

90



9.0 Rerults

In the four shield configurations analyzed in this

thesis, a one cm thick slice of W or Be was moved down the

shield starting at the core and moving at 10 cm increments

through the shield to point 60 cm from the core. The

shields were first checked with the FEMP1D output files to

see at what point in the shield where the dose levels were

satisfied. Once that point was identified, then SHVOL.FOR

was used to calculate the volume and mass of each of the

different material zones in the shield and to calculate the

total shield mass (see Appendix F). If the gamma shielding

material was moved to a point beyond which the neutron

shielding material could attenuate the gamma radiation by

itself, then that point, and the remaining point/points, if

any, was/were not tabulated in the volume and mass

calculations.

9.1 Volume and Mass Calculations. In the shielding

analysis, if the cadiation levels were not attenuated

through the shield after a shield thickness of 67.75 cm,

then that shield configuration was thrown out, and it was

not considered in the volume and mass calculations. The

only exception was for the LiH shield with no gamma

shielding material. Using only LiH, it took a thickness of

97.16 cm to finally get the gamma dose under 6.1742 X 1023

eV/cc. Figures 9.1 through Figures 9.8 show the results of

this analysis. The shield thickness was calculated on a
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line of symmetry bisecting the core and shield. Table 9.1

shows the calculated shield thickness, mass and volume of

the shields containing only LiH and B4 C.

Table 9.1. LiH and B4 C Shields.

Material Thickness Volume Mass

LiH 97.16 cm 1,097,378.94 cc 850.47 kg

B4 C 35.63 cm 286,032.80 cc 720.80 kg

Sinde these materials are primarily neutron shielding

materials, adding W or any other gamma attenuating material

to these shielding configurations must reduce the mass or

volume for the overall shield configuration to justify using

it.

For the W/LiH shielding configuration, putting the W

next to the core never satisfied the gamma dose criteria.

It was therefore discarded for the mass and volume

calculations. Table 9.2 shows the results of the W/LiH

calculations with the W at positions of 10, 20, 30, 40, 50,

and 60 cm from the core. The lightest of these

configurations was when the W was at 40 cm from the core.

This also yielded the least volume for this configuration.

It is interesting to note that with the W at 60 cm, there is

nc LIH behind the W which implies that the W attenuated the

gamma flux inside the 1 cm thick boundary. This was the

case. Therefore, for W at 60 cm, only a 0.79 cm W slab was
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needed.

Table 9.2. W/LiH Shield Configurations.

W Position (cm) Thickness (cm) Volume (cc) Mass (kg)

10 67.21 646,544.25 637.07

20 63.47 598,009.41 616.26

30 59.18 535,226.11 592.47

40 50.08 437,407.84 528.39

50 51.15 449,504.50 557.55

60 60.79 564,234.71 618.79

*The W positioned next to the core did not satisfy the
gamma dose within a shield thickness of 67.75 cm.

Table 9.3 gives the results of the W/B4 C shielding

configurations. Table 9.1 shows that the B4 C shield with no

W satisfied the dose requirements at 35.63 cm. When the W

was moved to 40 cm, the dose for both neutrons and gammas

was attenuated by just the B4 C. Therefore, the W/B4 C

configurations with W at 40 cm or more did not yield a

smaller volume or a lesser mass than the shield with B4 C

only. All configurations of the layered W/B4 C shield with

the W 40 cm or more from the core were not considered for

optimization, so their volumes and masses were not

calculated.

With the Be/B 4 C shield configuration, the doses were

satisfied at 35.629 cm into the shield for all the runs with

the Be 10 to 30 cm from the core. Table 9.4 shows the

results 
of the Be/B

4 C runs.
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Table 9.3. W/B 4C Shield Configurations.

W Position (cm) Thickness (cm) Volume (cc) Mass (kg)

0 31.35 245,313.65 727.07

10 27.60 211,176.00 655.35

20 27.60 211,176.06 670.57

30 30.28 235,485.58 636.52

*Positions 40 through 60 put the W beyond the point
where B4 C meets dose criteria by itself.

Table 9.4. Be/B 4 C Shield Configurations.

Be Position (cm) Thickness (cm) Volume (cc) Mass (kg)

0 36.164 291,248.32 729.59

10 35.629 286,032.00 715.87

20 35.629 286,032.03 715.26

30 35.629 286,032.10 714.61

*Positions 40 through 60 puts the Be beyond the point
where B4 C meets dose criteria by itself.

For the shield configurations of Be/LiH, none met the

gamma dose criteria within a maximum shield thickness of

67.750 cm. Therefore, they were not considered for the

optimization.

Table 9.2 shows both the mass and shield volume are

minimal at 40 cm for the W/LiH shielding configurations,
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Table 9.3 shows a minimum volume with W at 10 cm fron the

core for W/B4 C shield configurations. However, since the

volume and mass are almost the same for the 10 and 20 cm

positions, there might be a minimum volume existing

somewhere between 10 and 20 cm. However, for the calculated

points, 10 cm is the optimum point for volume with the W/B4 C

shielding configurations.

The Be/B 4 C shielding configurations yielded some

interesting results. The shield thickness is almost the

same for all the shield configurations. It is thickest when

the Be it next to the core. In this position, the neutron

dcse was met 27.598 cm in the shield, and the gamma dose was

satisfied with a shield thickness of 36.164 cm. With B4C

only, the neutron dose was met at 28.1340 cm, and the gamma

dose was met at 35.63 cm. Therefore, with the Be next to

the core, there was a slightly better attenuation of

neutrons in the high energy range, but not for high energy

gammas. This trade off was not favorable for the Be/B 4 C

configurations. When the Be was moved away from the core,

the dose rates were satisfied with a shield thickness of

35.629 cm for all configurations. This is the same

thickness that the B4C shield attenuated the radiation as

shown in Table 9.1. Since both of these materials have a

low atomic number, the driving factor for attenuation the

radiation to an acceptable dose was the gamma rays. Adding

Be did not effect the shield thickness. However, since Be
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has a lower density, moving the Be away from the core

allowed Be to replace B4 C in larger segments causing the

shield mass to go down.

For all the shielding volumes, the W/B 4C configuration

was the best with the W at 10 cm appearing to be an optimum.

The configurations for mass, however, did not compare

favorable with the W/LiH configuration at 40 cm.

The W/LiH shield was the lightest configuration. To

determine the optimum for lightest shield, a closer

examination of the W/LiH configuration with the W at 40 cm

was done. Table 9.5 shows the optimum calculations for

Table 9.5. Optimum Shield Mass Calculations.

Thickness W (cm) Volume (cc) Mass (kg)

0.5 564,234.60 531.74

1.0 437,408.22 528.39

1.5 345,098.29 552.26

1.52 345,089.22 556.09

* The dose criteria was met at this W thickness.

shield mass. Clearly, the lightest shield is with W at a

thickness of 1 cm, 40 cm from the core. Figures 9.9a and

9.9b show the optimum shield configurations and reactor

core.
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--------- 62.25 cm ---------- - ....... 40 cm -. . .I--------- -- 50.08 cm ------ I

Figure 9.9a. W/LiH Optim-im Weight Shield Configuration.

.-------- 62.25 cm ---------- 1-104
I---27.6U cm-I

Figure 9.9b. W/B4 C Optimum Volume Shield Configuration.
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10.0 Conclusion

Two shields were identified in this analysis that are

of primary concern for the launching of a space nuclear

reactor. A W/LiH configuration was found to be the lightest

weight shield. Its mass was calculated to be 528.39 kg.

The SP-100 shield was calculated to be about 681 kg. The

difference in mass can be accounted for by noting that the

LiH in the SP-100 is in a stainless steel honeycomb, and

there is aluminum in the shield for thermal conduction.

There is also much more W in the SP-100 shield. Also, the

shield has an insulation material which adds more weight.

The shield with the smallest volume was found to be a

W/B4 C shield with the W at a position of 10 cm from the

core. This shield's mass was calculated to be 655.35 kg.

The volume for the W/B4 C shield was found to be 211,176 cc.

The volume of the W/LiH optimum weight shield was calculated

to L)e 437,407.84 cc. Since the W/LiH shield has twice the

volume than that of the B4 C shield, the 126.96 kg difference

in mass may be more acceptable when considering a volume

constraint for the launch vehicle or the material

characteristics of the different shielding materials.

Figure 9.3 shows the shield volume vs W position for

the W/B4 C configurations. The figure is a linear graphical

representation of the calculated volumes. If a more

detailed examination was done between the W at 10 cm and 20

cm, there might be a optimum volume somewhere in that

region. Future research could verify this. Appendix D



shows the 25 neutron and 12 gamma groups and the 16 neutron

and 8 gamma groups used in this analysis. Future work could

be done using this group structure with a more refined cross

section set which may yield a clearer picture of the

dominate interactions in the shielding materials. Different

thickness of different gamma shielding materials may

identify a more optimum shield volume. One such material is

borated beryllium oxide. Also, the shield could be modeled

with a stainless steel matrix for the LiH and with aluminum

thermal strips embedded to verify the necessary W thickness

to attenuate the gammas.

It has been shown that a B 4C shield would not be a

catastrophic liability in shield mass for the reactor

analyzed. However, since it can withstand higher

temperatures, it could be a material to consider for higher

power space reactors. A temperature analysis incorporated

in a radiation shielding analysis could determine the

maximum thermal power that a space nuclear reactor could

produce using B4 C. This could yield significant results for

the next generation of high powered space nuclear reactors.
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APPENDIX A

CALCULATIONS OF EFFECTIVE RADII



Calculation of the effective radii used for FEMP2D.

First the effective radius of the hexagonal center control rod is calcu-
lated.
The area of a hexagon can be calculated by using the following for-

mula:

Area = n r2 tan-.
n

Where n=6, the number of sides in a hexagon.
r is the radius from the center of the hexagon to the intersection point
of the sides.

Area = (6) (2.325) tan(-)
6

Area = 18.7256 cm 2 .

The effective radius is calculated:

r, E Area

r 18.7256

req = 2.4414 cm.

A-2

r ý 

- ... .



Therefore:

r, = 2.4414 cm.

We must work backward to calculate r2 by calculating r 3.
r3 is a concentric cylinder from r2 to the outside edge of the six hexag-
onal control rods.

We have I safety plug and 6 control rods within the area of concern.

This total area is:

(7)(18,7256) = 131.0794 cm 2.

There are 300, 72/96% enriched pins.
Fuel pin radius (including cladding): 1--- = 0.5250 cm.
This total area:

(300)v(0.5250)2 = 259.7704 cm 2.

The pitch to diameter ratio is: = 1.07.

Therefore:
Fitch = (1.07)(1.05)= 1.1235 cm.
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Since the fuel is in a trangular pitch, consider the triangular cell:
The area of a triangle may be calculated by:

Area = 2sin(9)

Where a=pitch
0=60 degrees =1 radians.
First, calculate the area of the trangular cell:

Area = 1(1.1235)2sin(O)

= 0.5466 cm 2.

Second, calculate the area of the fuel pins (in the trangular cell).

Ara " 1 1 1 2
Area 6(+ 6+ -6)rr.

Where rfp is the radius of the fuel pins.

Area = I7r(0.5250) 2

2

0.4330 cm 2

This leads to two very important ratios (which are the inverse of each
other)
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Afp the area of the fuel pins in the trangular cell.
Atot the total area of the trangular cell.

Af = 0.4330
= 0.7921.Atot 0.5466

Atot
o -= 1.2624.Alp

The total area occupied by 300 fuel pins, wire spacer, and coolant is:

AtA = (1.2624)(259.7704) = 327.9428 cm 2
A fp f

The total area in question including the 7 hexagonal rods is:

327.9428 + 131.0794 = 459.0222 cm2.

The equivalent radius, r3:

S459.02222r3 = - 12.0877 cm

7r

r 2 is the "inner radius" of the concentric cylinder from r, to the inside
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gin I

of the six hexagonal control rods.
It can be calculated by substracting the diameter of one of the hexag-
onal control rods from r3.
Recalling that r for one of the hexagonal elements (not the equivalent
radius) was 2.325 cm, then:

r2 = r. - [(2) (2.325)] = 12.0877 - 4.650 = 7.4377 cm.

r4 will boun~d all fuel rods, safety plug, control rods, wire spacer, and
coolant channels.

Total fuel pins = 396 + 300 = 696.

Total fuel pin area:

Afp, = 696nr(0.5250) 2 = 602.6674 cm 2.

Fuel pin and coolant area:

A= (1.2624)(602.6674) = 760.8074 cm 2.

The total area bounded by r4 :

Att= 760.80784 + (7)(18.7256) = 891.8866 cm2 .

Therefore.

r4 = V/891.88667r = 16.8492 cm 2 .
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r 5 and r5 are chosen to be:

rs = 18.4500 cm 2

r6= 27.5000 cm 2

A-7/A-8
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APPENDIX B

ATOM DENSITY CALCULATIONS FOR

FEMP1D AND FEMP2D



Atom densities for this thesis was calculated using the following formula:

N atom ) p -NN

Nbarn.cm M.
Where: N. -= Avogadro's Number, 6.022045z10 23 at•m& or __,_a,,s

gin atom gram mo~e

Ma =- Molecular weight M or -R atom rnmaroh*

p -Nuclide density MI.

This Appendix shows the calculated atom densities for FEMPID and FEMP2D
runs.

Sample Calculation For Lithium:

Lithium has two isotopes: Lithium 6 and Lithium 7.
Lithium 6 composes 7.5% of natural lithium,
Lithium 7 composis 92.7% of natural lithium.

p = 0.534 ( C7,3)

M. = 6.941g ao
(0.534) (6.022045z10 23 ) 3 atoms

6.941 = 4"6331z10 22 (ca )

N =j = [4.6331X1022 (atoms)] [10-24 (cMz ]
( cc /] [ barnJ

NLi = 4.6331z!.0- (barm)

NGLU = (0.075)(4.6331X10 2-) = 3.4748z10- 3 ( atoms
(barn. -cm)

NL1 = (0.925)(4.6331z10-) = 4.2856z10- (_atoms

(barn. cm)
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ATOM DENSITIES FOR FEMP2D RUNS
Not Smeared

ATOMS/BARN/CM NUMLIDE
5.504BE-02 NB-93
5.5802E-04 NAT-ZR
2.1970E-02 B-10
8.7881E-02 B-11
2.7483E-02 C-12 (For boron carbide)
3.4748E-04 LI-6
4,,285GE-03 LI-7
7.6179E-02 BE
3.80goE-02 C-12 (For beryllium carbide)

For 96% enriched fuel.
3.3226E-02 N-14
3.1913E-02 U-235
1.3129E-03 U-238

For 72% enriched fuel.
3.3131E-02 N-14
2.3939E-02 U-235
9.1920E-03 U-238

1.6627E-02 W--182
9.0403E-03 W-183
1.9389E-02 W-184
1.8081E-02 W-186

8-3
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Sample calculation of a smeared atom density.

From Table 5.3, consider the atom density of boron-10.
It will be smeared in zone 1. Consider only the ratio of the areas since the heights
cancel in the area ratio of the volumes.
Zone 1 total area is 18.7256 cm.
The area in this zone occupied by the boron is 14.3469 cm 2.

The smeared atom density for this zone:

NaB(Smeared) = (14.346) (2.1970xl0-2)(18.7256/

NioB(Smeared) = 1.6883r10- 2 ( to:ms
(barn
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MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMP2D RUNS

MATERIAL ATOMS/BARN/CM NUCLIDE
1 1.1288E-02 NB-93
1 1.1402E-04 NAT-ZR
1 1.6833E-02 B-IO
1 6.73313-02 B-11
1 2.1041E-02 C-12
2 1.1425E-02 NB-93
2 1.1541E-04 NAT-ZR
2 6.8148E-04 LI-6
2 8.4050E-03 LI-7
3 1.1370E-02 NB-93
3 1.1485E-04 NAT-ZR
3 6.6304E-03 B-IO
3 2.6522E-02 B-11
3 8.2882E-03 C-12
3 4.1300E-04 LI-6
3 5.0937B,-03 LI-7
4 2.7792E-02 NB-g3
4 2.8073E-04 NAT-Z
4 1.6154E-03 LI-8
4 1.9924E-02 LI-7
5 5-5046E-02 NB-93
5 5.5602E-04 NAT-ZR
6 1.1288E-02 NB-93
8 1.1402E-04 NAT-ZR
6 5.8386E-02 BE
6 2.9183E-02 C-12
7 1.724SE-02 N-14
7 1.6564E-02 U-235
7 8.8148E-04 U-238
7 7.4583E-04 W-182
7 4.0552E-04 W-183
7 8.8972E-04 W-184
7 8.1105E-04 W-186
7 1.1425E-02 N3--93
7 1.1541E-04 NAT-ZR
7 6.8148E-04 LI-6
7 8.4050E-03 LI-7
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MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMP2D RUNS

MATERIAL ATOMS/BARN/CM NUCLIDE
8 1.0040E-02 U-235
8 4.130SE-04 U-238
8 4.513M7-04 W-182
8 2.4541E-04 W-183
8 5.2635E-04 W-184
8 4.9084E-04 W-186
8 1.1370E-02 NB-93
8 1.1485E-04 NAT-ZR
8 4.1300E-04 LI-8
8 5.0937E-03 LI-7
8 2.2990E-02 BE
8 1.1495E-02 C-12
9 2.7792E-02 NB-93
9 2.8073E-04 NAT-ZR
9 1.8154E-03 LI-8
9 1.9924B-02 LI-7
9 6.6386E-04 B-10
9 2.6555E-03 B-11
9 8 1g84E-04 C-12

10 7 179E-02 BB
10 3.09OE-02 C-12
11 1.7197E-02 N-14
11 1.2425E-02 U-235
11 4.77113-03 U-238
11 7.4583E-04 W-182
11 4.0552E-04 W-183
11 8.6972E-04 W-184
11 8.1105E-04 W-186
11 1.1425E-02 NB-93
11 1.1541E-04 NAT-ZR
11 8.4050E-03 LI-7
12 7.5313E-03 U-235
12 2.8919E-03 U-238
12 4.5137E-04 W-182
12 2.4541E-04 W-183
12 5.2635E-04 W-184
12 4.9084B-04 W-186
12 1.1370E-02 NB-93
12 1.1485E-04 NAT-ZR
12 4.1300E-04 LI-6
12 5.0937E-03 LI-7
12 1,149SE-02 C-12
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MIXING TABLE; SMEARED ATOM DENSITIES FOR FEMPiD RUNS.

MATERIAL ATOMS/BARN/CM NUCLIDE
1 1.1425E-02 NB-93
1 1.1541E-04 NAT-ZR
1 6.8148E-04 LI-6
1 8.4050E-03 LI-7
2 1.5015E-02 N-14
2 1.3461E-02 U-235
2 1.5539E-03 U-238
2 6.4963E-04 W-182
2 3.5321E-04 W-183
2 6.9613E-04 W-184
2 7.0644E-04 W-186
2 1. 1407E-02 NB-93
2 1. 1523E-04 NAT-ZR
2 5.9377B-04 LI-6
2 7.3232E-03 LI-7
2 7.5108E-03 BE
2 3.7554E-03 C-12
3 5.5048E-02 NB-93
3 5.5602E-04 NAT-ZR
4 3.4748E-03 LI-6
4 4.2856E-02 LI-7

SHIELDING MATERIALS: *

MATERIAL ATOMS/BARN/CM NUCLIDE

LiH 4.4042E-3 LI-6
"5.4317E-2 LI-7
"5.8721E-2 H

Boron 2.197OE-2 B-10
Carbide 8.7881E-2 B-11

2.9463E-2 C

Tungsten 1.8827E-2 W-182
"g.0403E-3 W-183
"1.9389E-2 W-184
"1.8081E-2 W-186

Be 1.2349E-1 Be

*The atom densities for the shielding materials
are not smeared.
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APPENDIX C

FEMP1D AND FEMP2D DATA
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FEMPiD and FEMP2D Codes.

FEMPID and FEMP2D have demonstrated accuracy several times in comparison
with results from other state-of-the-art codes used in the Air Force Weapons Labo-
ratory and at Science Applications International Corporation. Dr Charles Sparrow,
an IPA from Mississippi State University, with the Weapons Laboratory has pro-
duced nearly identical results for Kf f calculations using XSDRNPM as computed
with FEMP1D. Dr. Sparrow calculates a K1f 1 of 0.9985 (with a Vitamin E cross
section) for a specidc reactor model. This results was duplicated using FEMP1D
and with a different cross section set. This verifies the valitidy of both cross section
sets as well as demostrates the accuracy of both codes. The FEMP cross section
used in this comparison is the same set use for this thesis.

At the Weapons Lab, a model of the STAR-C reactor was analyzed using FEMP2D.
The results duplicatcd the K011 calculated by G. A. Technologies using MCNP. Also,
Jim Mims, at Science Applications International Corporation in Albuquerque, has
analyzed a gas-cooled pellet reactor with the same atom densities using both a Los
Alamos code, TWODANT, and FEMP2D. The K6,f calculated by the two codes
agreed up to the first decimal point. The cross section sets and the group struc-
tures were different. This gives crcdence to some of the state-of-the-art reactor
codes being use-i at this time.
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FEMP2D Manual; 20 February 19&7.

PROGRAM FEMP2D

INPUT DATA

TITLE CARD(18A4)

DATA BLOCK NO. 0 (PRCBLEM DEFINITION)

i$ ARRAY(34)

NGEOM=i, (X,Y) GEOMETRY
=2, (R,Z) GEOMETRY
=3, (R,T GEOMLTRY

NOUTR=1, INHOMOGENEOUS SOURCE
2, INHOMOGENEOUS SOURCE WITH FISSION
3, FISSION EI :3NVALUE
4, FISSION EIGENVALUE SEARCH

MADJ=O, FORWARD PROBLEM

=1, ADJOINT PROBLEM

LPN=SPHERICAL HARMONIC ORDER

NMAT=NUMBER CF MATERIAL MIXTURES

NNG=NUMBER OF NEUTRON GROUPS

NPG=NUMBER OF PHOTON GROUPS

MPN=PN ORDER OF CROSS SECTIONS RETAINED

IHT=TOTAL CROSS SECTION POSITION (ANISN TAPE)

IHS--WITHIN GR3UP SCATTER CROSS SECTION POSITION (ANISN TAPE)

LTDL=CROSS SECTION TABLE LENGTH (ANISN TAPE)

MTL=MIXING TABLE LENGTH

MCRD=NIMBrR OF MATERIAL CROSS SECTIONS TO BE READ FROM CARDS

MANSN=NUMBER OF MATERIAL CROSS SECTIONS TO BE READ IN ANISN
FORMAT FROM TAPE15

MAMPX=NUfMBER OF MATERIAL CROSS SECTIONS TO BE READ IN AMPX
WORKING LIBRARY FORMAT FROM TAPE16

C-3



NIBYTE=1, FOR VAX FORTRAN COMPATIBILITY
=8, FOR CRAY FORTRAN COMPATIBILITY

NX=NUMBER OF X MESH POINTS

NY=NIMBER OF Y MESH POINTS

NZONE=NMBER OF MATERIAL ZONES IN PROBLEM

IB (1) =0 LEFT BOUNDARY IS VACUUM
=1, LEFr BOUNDARY IS REFLECTING
=2, LEFT BOUNDARY HAS SOURCE INCIDENT

IB(2)=0, RIGHT BOUNDARY IS VACUUM
=1, RIGHT BOUNDARY IS REFLECTING
=2, RIGHT BOUNDARY HAS SOURCE INCIDENT

IE (3) =0, BOTTOM BOUNDARY IS VACUUM
=1, BOTTOM BOUNDARY IS REFLECTING
=2, BOTTOM BOUNDARY HAS SOURCE INCIDENT

IB(4)=O, TOP BOUNDARY IS VACUUM
=1, TOP BOUNDARY IS REFLECTING
=2, TOP BOUNDARY HAS SOURCE INCIDENT

ISTRT=1, SET FLUX EQUAL TO ZERO EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
=3, SET FLUX EQUAL TO FUNDAMENTAL MODE BASED ON BC 'S
=4, SET FLUX EQUAL TO INPUT FROM TAPE1O

ITIMX=h-AXIMUM NUMBER OF INNER ITERATIONS

IT3MX=MAXTMUM NUMBER OF OUTER ITERATIONS FOR FISSION PROBLEMS

IACC=0, NO FISSION SOURCE ACCELERATION
1, SINGLE STEP CHEBYCHEV ACCELERATION
2, MULTIPLE STEP CHEBYCHEY ACCELERATION

NPOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE ACCELERATION

IUPS=0, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
=2, MATRIX INVERSION SCALING

NS=NUMBER OF SOURCE SPECTRA

C-4
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NBYTE=I, FOR VAX FORTRAN COMPATIBILITY

=8, FOR CRAY FORTRAN COMPATIBILITY

NX=INUMBER OF X MESH POINTS

NY=,NUMBER OF Y MESH POINTS

NZONE=NUMBER OF MATERIAL ZONES IN PROBLEM

IB(1)=0, LEFT BOUNDARY IS VACUUM
=1, LEFT BOUNDARY IS REFLECTING
=2, LEFT BOUNDARY HAS SOURCE INCIDENT

IB(2)=0, RIGHT BOUNDARY IS VACUUM
=1, RIGHT BOUNDARY IS REFLECTING
=2, RIGHT BOUNDARY HAS SOURCE INCIDENT

IB (3) =0, BOTTOM BOUNDARY IS VACUUM
=1, BOTTOM BOUNDARtY IS REFLECTING
=2, BOTTOM BOUNDARY HAS SOURCE INCIDENT

IB(4)=0, TOP BOUNDARY IS VACUUM
=1, TOP BOUNDARY IS REFLECTING
=2, TOP BOUNDARY HAS SOURCE INCIDENT

ISTRT=1, SET FLUX EQUAL TO ZERO EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
-3, SET FLUX EQUAL TO FUNDAMENTAL MODE BASED ON BC'S
=4, SET FLUX EQUAL TO INPUT FROM TAPEIO

IT1IDX=MAXIMIM NUMBER OF INNER ITERATIONS

IT3MXý=MAXTMUM NUMBER OF OUTER ITERATIONS FOR FISSION PROBLEMS

IACC=O, NO FISSION SOURCE ACCELERATION
1, SINGLE STEP CHEBYCHEV ACCELERATION
2, MULTIPLE STLP CHEBYCHEV ACCELERATION

NOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE ACCELERATION

IIUPS=O, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
=2, MTRIX INVERSION SCALING

NS=NUMBER OF SOURCE SPECTRA
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fPX=-2, DO NOT PRINT CROSS SECTIONS
-- l, PRINT 1D CROSS SECTIONS
= N, PRINT 2D CROSS SECTIONS THUI PN

NPOUT=NUMBER OF POINTS F' FLUX PRINT

.EPFLX=-2, PRINT FLUX AT UALCULATION MESH POINTS
(NO RESTART TAPE)

-1, PRINT FLUX AT REQUESTED OUTPUT POINTS
(NO RESTART rAPE)

0, DO NOT PRINT FLUX OUTPUT (NO RESTART TAPE)
1, PRINT FLUX AT REQUESTED OUTPUT POINTS
2, PRINT FLUX BY GROUP AT CALCULATION MESH POINTS
3, RESTART TAPE ONLY

NRF=NUMBER OF CARD INPUT RESPONSE FUNCTIONS

2* ARRAY

EPS=CONVERGENCE TOLERANCE ON FLUX

EPSK=CONVERGENCE TOLERANCE ON EIGENVALUE

XK=EIGENYALUE ESTIMATE

SNORM=SOUkCE NORMALIZATION

T

DATA BLOCK NO. 1 (MIXING TABLE)

10$ ARRAY(MTL)

MATERIAL NUMBERS

11$ ARRAY(MTL)

Nt•CLIDE NUMBERS

12* ARRAY(MTL)

NUMBER DENSITIES (ATOMS/BARN/CM)

13S ARRAY(MCRD)

NUCLIDE IDS FOR CROSS SECTIONS INPUT ON CAMDS
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14* ARRAY(NOG)

CHI SPECTRUM

15* ARRAY(NNG+I)

NETITRON GROUP BOUNDS

16* ARRAY(NPG+1)

GAMHA GROUP BOUNDS

17* ARRAY(NOG)

GROUP VELOCITIES

T

DATA BLOCK NO. 2 (CROSS SECTIONS-ONE BLOCK FOR EACH
NJCLDIE/MATERIAL)

20* AR-RAY(NOG*4)

NOTE THE 1D CROSS SECTIONS ARE STORED IN TIE FOLLOWING ORDER

1. TOTAL
2. TOTAL FISSION YIELD(NU*SIGF)
3. ABSORPTION
4. GROUP FRACTIONAL YIELD (CHI)

ID CROSS SECTIONS FOR TPIS MATERIAL

21* ARRAY(NOG*NOG)

PO SCATTERING ARRAY FOR THIS NUICLIDE

22* ARRAY(NOG*NOG)

P1 SCATTERING ARRAY FOR THIS NUCLIDE

T
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DATA BLOCK NO. 3 (MESH POINTS AND MATERIAL ZONES)

30* ARRAY(NX)

X MESH POINTS

31* ARRAY(NY)

Y MESH POINTS

32$ ARRAY(NZONE)

MACROSCOPIC MATERIALS BY ZONE

333 ARRAY(NX-1)*(NY-1)

ZONE NUMBERS BY MESH INTERVAL

34* ARRAY(NMAT)

TRANSVERSE DIMENSIONS FOR BUCKLING CORRECTION BY MATERIAL

35* ARRAY(NPOUT)

OUTPUT X MESH POINTS FOR FLUX PRINT OUT

38* ARRAY(NPOUT)

OUTPUT Y MESH POINTS FOR FLUX PRINT OUT

37* ARRAY(NOG*NRF)

RESPONSE FUNCTIONS

T

DATA BLOCK NO. 4 (INHOMOGENEOUS SOURCES)

40* ARRAY(NOG*LPN1)

LEFT BOUNDARY SOURCE SPECTRUM

41* ARRAY(NOG*LPN1)

RIGHT BOUNDARY SOURCE SPECTRUM
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42* ARRAY(NOIG*LPN1)

BOTTOM BOUNDARY SPECTRUM

43* ARRAY(NOG*LPN1)

TOP BOUNDARY SPECTRUM

44* ARRAY(NOIG*NS)

FIX(ED SOURCE SPECTRA

45S ARRAY(NX-i) * (NY-i)

INHOMOGENEOUS SOURCES BY MESH INTERVAL

T
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Sample Input File for FEUP2D.
1$3 2 3 0 1

13 16 8 1
3 4 0 85
0 0 85 1
27 42 42 1
0 0 0 3
200 25 0 0
0 0 -2 0
3 0

2.. 1.09-4 1.0E-4 1.0 1.0 T

10S 51R1 4112 71R3 4114 2R5
4118 11R17 13R8 7R9 2R10
11RI 131112 21R13

11$S 41093 40000 5010 011 8012
41093 40000 3008 3007
41093 40000 5010 5011 8012 3008 3007
41093 40000 3008 3007
41093 40000
41093 40000 4009 8012
7014 92235 92238 74182 74183 74184 74186 41093 40000

3006 3007
7014 92235 92238 74182 74183 74184 74186 41093 40000

3008 3007 4009 8012
41093 40000 3008 3007 5010 5011 8012
4009 6012
7014 92235 92238 74182 74183 74184 74186 41093 40000

3008 3007
7014 92235 92238 74182 74183 74184 74186 41093 40000

3006 30107 4009 6012
3008 3007

12-* 1.12883-2 1.14022-4 1.68333-2 8.7331E-2 2.1041E-2
1.14253-2 1.1541B-4 8.8148B-4 8.40508-3
1.1370&-2 1.14853-4 6.6304E-3 2.8622E-2 8.2882E-3 4.1300E-4

5.0937B-3
2.7792E-2 2.8073B-4 1.8154E-3 1.9924E-2
5.50483-2 5.5802E-4

1.1288--2 1.14023-4 5.8386E-2 2.9183E-2
1.72488r-2 1.65849-2 8.8148E-4 7.45833-4 4.0552B-4 8.6972E-4

8.11053-4 1.1425E-2 1.1541F-4 8.8148E-4 8.4050E-3
1.04533-2 1.00403-2 4.1305E-4 4.5137E-4 2.4541E-4 5.2635E--4

4.90848-4 1. 13705-2 1.1485E-4 4.13008-4 5.0937E-3
2.29903-2 1.1495B-2

2.7792B-2 2.8073E-4 1.8154B-3 1.9924E-2 8.3863E-4 2.8555E-3
8.2984E-4

7.8179B-2 3.8090R-2
1.71979-2 1.24253E-2 4.771'B-3 7.45833-4 4.0552E.-4 8.8972E-4

8.110E--4 1.14253-2 1.15413-4 6.8148H-4 8.4050E-3
1.0423.-2 7.53133-3 2.8919E-3 4.5137E-4 2 4541E-4 5.2835E-4

4.90848-4 1.13709-2 1.1485E--4 4.1300E-4 5.0937E-3
2.29903-2 1-14953-2

3.47488-3 4.285e3-2 T
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30,,,- 0.0000 1.0000 2.0000
2.4414 3.0000 4.0000 5.0000 8.0000 7.0000
7.2048 8.0000 9.1000 10.2000 11,3000

12.0878 13.2000 14.3000 15.4000
18.8792 18.0000
18.4500 19.9500 21.4500 22.9500 24.4500 25.9500
27.5000

31*s 0.0000 1.0000 2.0000 3.0000 4.0000 5.0000 8.0000
7.0000 8.0000 g.0000

9.7500
10.0000 11.2000 12.4000 13.6000 14.8000
18.0000 17.8000 19.2000 20M3000 22.4000 24.0000 25.8000

27.2000 28.8000 30.4000 32.0000 33.6000 35.2000
30.0000 37.2000 38.4000 39.6000 40.8000
42.0000
42.2500 45.5833 48.9167 52.2500 55.5833 58.9187
62.2500

323$ 1 2 3 2 4 5
1 2 3 2 4 10
8 7 8 7 9 10
6 11 12 7 9 10
8 7 8 7 9 10
5 5 5 5 5 10
13 13 13 13 13 13

33$3 3R1 OR2 SR3 4R4 2R5 M8 9Q28
3R7 R81 5Rg 41110 2R11 OR12
3R13 8R14 5R15 4R1 2R17 8R18 4Q26
3R19 8R20 51S21 4R22 2R23 81124 12Q28
3R,25 8R28 5R27 4R28 21129 6R30 4Q28
3R31 8R32 SR.33 41134 2R35 81138
3R37 8138 51139 41140 21141 BR42 5Q28

38** 82.25 T
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FEMPID Manual; 20 February 1987.

PROGRAM FEMPID

INPUT DATA

TITLE CARD(18A4)

DATA BLOCK NO. 0 (PROBLEM DEFINITION)

1S ARRAY

NGEOM=l, SLAB GEOMETRY
=2, CYLINDRICAL GEOMETRY
=3, SPHERICAL GEOMETRY

NOUTR=1, INHOMOGENEOUS SOURCE
2, INHOMOGENEOUS SOURCE WITH FISSION
3, FISSION EIGENVALUE

MADJ=O, FORWARD PROBLEM
=1, ADJOINT PROBLEM

LPN=SPHERICAL HARMONIC ORDER

NMAT=NUMBER OF MATERIAL MIXTURES

NNG=NUMBER OF NEUTRON GROUPS

NPG=NUMBER OF GAMMA GROUPS

MPN=PN ORDER OF CROSS SECTIONS RETAINED

IHT=TOTAL CROSS SECTION POSITION
(ANISN TAPE)

IHS=WITHIN GROUP SCATTER CROSS SECTION POSITION
(ANISN TAPE)

LTBL=CROSS SECTION TABLE LENGTH (ANISN TAPE)

MTL=MIXi-NG TABLE LENGTH

MC3RD--=N•BER OF MATERIAL CROSS SECTIONS TO BE
READ FROM CARDS

MANSN=NUMBER OF MATERIAL CROSS SECTIONS TO BE
READ IN ANISN FORMAT FROM TAPE15
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MAMPX=NUMBER OF MATERIAL CROSS SECTIONS TO BE
READ IN AMPX WORKING LIBRARY FORMAT FROM
TAPE16

NBYTE=1, FOR VAX FORTRAN COMPATIBILITY
=8, FOR CRAY FORTRAN COMPATIBILITY

NX=N-UMBER OF MESH POINTS

NZONE=NUMBER OF MATERIAL ZONES IN PROBLEM

IBL=O, LEFT BOUNDARY IS VACUUM
-1, LEFT BOUNDARY IS REFLECTING
=2, LEFT BOUNDARY HAS SOURCE INCIDENT

IBR=O, RIGHT BOUNDARY IS VACUUM
=1, RIGHT BOUNDARY IS REFLECTING
=2, RIGHT BOUNDARY HAS SOURCE INCIDENT

ISTRT=l, SET FLUX EQUAL TO ZERO EVERYWHERE
=2, SET FLUX EQUAL TO 1.0 EVERYWHERE
-3, SET FLUX EQUAL TO INPUT FROM TAPEIO

ITMX)2=MA)CMUM NUMBER OF MIDDLE ITERATIONS

ITMXS=MAXIMUM NUMBER OF OUTER ITERATIONS FOR
FISSION PROBLEMS

IACC=O, NO FISSION SOURCE ACCELERATION
1, SINGLE STEP CHEBYCHEV ACCELERATION
2, MULTIPLE STEP CHEBYCHEV ACCELERATION

NPOW=NUMBER OF POWER ITERATIONS PERFORMED BEFORE
STARTING THE CHEBYCHEV ACCELERATION

IUPS=O, NO UPSCATTER SCALING
=1, OVER-RELAXATION SCALING
=2, MATRIX INVERSION SCALING

NS=NUMBElR OF SOURCE SPECTRA

IPX=-2, DO NOT PRINT CROSS SECTIONS
=-1, PRINT 1D CROSS SECTIONS
= N, PRINT 2D CROSS SECTIONS THRU PN

NPOUT=NU]MBER OF POINTS FOR FLUX PRINT
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IPFLX=O, DO NOT PRINT FLUX OUTPUT
1, PRINT FLUX AT REQUESTD0 OUTPUT POINTS
2, PRINT FLUX BY GROUP AT CALCULATION MESH

POINTS

NRF=NUMBER OF CARD INPUT RESPONSE FUNCTIONS

2* ARRAY

EPSK=CONVERGENCE TOLERANCE ON EIGENVALUE

XK=EIGEN VALUE ESTIMATE

SNORM=SOURCE NORMALIZATION

T

DATA BLOCK NO. 1 (MIXING TABLE)

10S ARRAY(MT-L)

MATERIAL NUMBERS

i:L$ ARRAY(MTL)

NUCLIDE NUMBERS

12 * ARRAY (MTL)

NUMBER DENSITIES (ATOMS/BARN/CM)

13$ ARRAY(MCRD)

NUC'LIDE IDS FOR CROSS SECTIONS INPUT ON CARDS

14* ARRAY(NOG)

CHI SPECTRUM

15* ARRAY(NNG+i)

NEUTRON GROUP BOUIDARIES

1.8* ARRAY(NPG+ I)

GAMMA GROUP BOUNDARIES
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17* ARRAY(NOG)

GROUP AVERAGE VELOCITIES

T

DATA BLOCK NO. 2 (CROSS SECTIONS-ONE BLOCK FOR EACH
NI 1 LIDE/MATERIAL)

"20* ARRAY(NOG*4)

NOTE THE ID CROSS SECTIONS ARE STORED IN THE
FOLLOWING ORDER

1. TOTAL
2. TOTAL FISSION YIELD(NU*SIGF)
3. ABSORPTION
4. GROUP FRACTIONAL YIELD (CHI)

ID CROSS SECTIONS FOR THIS MATERIAL

21* ARRAY(NOG*NOG)

PO SCATTERING ARRAY FOR THIS NU.CLIDE

22* ARRAY(NOG*NOG)

P1 SCATTERING ARRAY FOR THIS NUCLIDE

T

DATA BLOCK NO. 3 (MESH POINTS AND MAIERIAL ZONES)

30* ARRAY(NX)

X MESH POINTS

31S ARLRAY(NZONE)

MACROSCOPIC MATERIALS BY ZONE

32$ ARRAY(NX-1)

ZONE NUMBERS BY MESH INTERVAL

33* ARRAY(NMAT)

TRANSVERSE DIMENSIONS FOR BUCKLING CORRECTION BY
MATERIAL
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34* ARRAY(NPOUT)

OUTPUT X MESH Pf. ENTS FOR FLUX PRINT OUT

35* ARRAY(NOG*NRF)

RESPONSE FUNCTIONS

T

DATA BLOCK NO. 4 (INHOMOGENEOUS SOURCES)

40* ARRAY ( (LPN+1) *i1GG)

LEFT BOUNDARY SOLIZCE SPECTRUM

41* ARRAY ( (LPN-- 1) *NOG)

RIGHT BOUNDARY SOURCE SPECIRUM

42* ARRAY(NOG*NS)

FIXED SOURCE SPECTRA

43S ARRAY(NX-1)

INHOMOGENEOUS SOURCES BY MESH INTERVAJL

T
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Sample Input file for FEMIFlD.
I$ 2 3 0 5

4 16 8 3
3 4 0 21
0 0 21 1

d4 ,4 0 0
2 500 10 0
0 0 0 -2
1 "t 2

?** 1.01E.-5 1.,0g 3.3787E+22 T

,0Z-T .k•l WZRM 2R3 2R4

I WS 410=3 40(0M 3008 3007
7014 92235 92238 74182 74183 74184 74185 41C"3

40000 3008 31007 400g 6012
41093 4OO0
3'148 3007

12-.* 1.1425P,-2 1,15419-4 8.8148E-4 8.4050E-3
1.50J5--2 1.348•1-2 1.65399-3 8.49838-4 3.5321E-4 8.0813R-4

7.064AE-4 1.14C7E-2 1.452ZE-4 5.9377E-4 7.3232E-3
7.5108E--3 3.7554E-3

5.5048•-2 E. 5802E-4
3.4748E-3 4.2858'-2 T

30-, 0. 0(X, 1.0000 2.0000 3.0000 4.0000 5.0000 3.0000
7.0000 8.0000 9.0000

10.0000 11.0000 12.0000 13.0000 14.0000 15.0000 18,0000
17.0000 18.0000 19.0000 20.0000 21.0000 22.0000
23.0000 24.0000 25.0000 28.0000 27.0000 28.0000
29.0000 30.0000 31,0000 32.0000 33.0000 34.0000
35.0000 38.UOO0 37.0000 33.0000 39.0000 40.0000
41.0000

'• t.000O
42.2500 43.2500 44.1500 45.2500 48.2500 47.2500 48.2500

49.2500 50.2500 51.2500 52.2500 53.2500 54.2500
55.2500 56.2500 57.256( 58.2500 59.2500 80.2500

62.02500

311S 1 2 3 4

3253 lOR1 32R2 1iR3 2CR4
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33** 31.0 31.0 FO.0

34*- 62.25

35-., 1.779579-4 1.480738-4 1.273288-4 1.289578--4
1.175837-4 8.307393-5 4.780253-5 3.073550-5
1.741842-5 8.708003-8 4.805043-8 3.608882-.8
3.875812-6 3.846325-8 4.405984-8 3.875043-8
24110.0
8.783488-8 4.167297-8 2.820405-8 1.510685-6
7.5327W'-7 3.880888-7 2.892778-7 4.511449-7 T
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APPENDIX D

ENERGY GROUP DEFINITION



KEMP=D Energy group structure:

TIMS LIBRARY HAS A, 25 GROLP IIETrRON STRUCTJr~

GROUP RANGE~1 1. 73a0O0F+O7-..8.065000E+06
2 6. 085000E+06 ---..3,01 10008+08O3 3 -011000E+06 --- 1lg20000B+oa
4 1. 920000B+08 --- 1.002000B+oe5 1. 002000E+06---.6 .0810008+058 6.0 81000E+05 --- 2 .972000B+05

8 1.83 10 008+05-- .1llo0ooE+05
9 1.1 10000E 4-O5---4 .088000E+0410 4.OS6OOQE+04---2.187000E+0

411 2. 187000E+04......1.503000B+04
12 1.5O 3 00OE+04---7Jo,1oooE+0

313 7. 101OB0Eo3--.3 . 3540008+0314 3 .3540008+03---.58s400oE+0
315 1 SS4 000E+oa -~--4.540000E+0
218 4 .54 O00O0+02-.--2,1440E+02

17 2. 144000E+02.1 
.
0 13000B+C2is 1.01 3 000E+02 -- 3728000E+ol

19 37803+1 1070B020 1. O87000E+O1 --- 5 .043000E+OO21 5.0 4 3 000E~doo -- 1856000B+0022 1-855000B+.00--- 8.764oooE...ol23 8.78400B0E. ---O1.4139000E..Ql24 4. 1390OOB-1---O1..9990OO9-O2
25 9.990E0-- O..0000J0So,

THIS LIBRAY HAS A 12 GROUP GAMIAA STRUC¶FIjjGROUP 
RMNGE

1 1.400009Q+07 --- .~80o000Z÷062 8,000000OE+08 --- 8000000I8+06

4 4. 000OO0r-+08.--.02 OOCOE+0a5 2.00000O08+06-.1-.500000H+06
6 j* SOOOOOE+08-..--1 OOOOOOE+057 1. 00GC0OE406-ýA.. OOOOOOE05
S 7. 0000o4+05 --- 4. 00CO0ooa+O0

9 4.OOOOOOF~+os...2oooocQoE+05
10 2. 00000OE+05.1 

. OOOOOOE+O511 l.OOOOOOB+O5 -- .8oooooE+C412 8.OOOO0oE+o4-.looo00ooE+
0 4
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FEMPID Energy group structure:

THIS LIBRARY HAS A 16 GROUP NEUTRON STRUCTURE
GROUP RANGE
1 1.733000E+07---6 .065000E+06
2 6.065000E+06---3 011000E+06
3 3.011000E+06--- 1.920000E086
4 1.920000E+08--- 1.002000E+06
5 3.0C2000E+06...-8.081O00E+05
6 6.081O00E+05---2.g72000E+05
7 2-972000E+05---I .831000E+05
8 1.831000E+O5---1.11COOOE+05
9 1.110000E+05---4.086000E+04

10 4.086000E+O4---2.187000M04
11 2.187000E+04---7.101000E+03
12 7.101000E+03--- 3.354000E+03
13 3.354000E+O03--- 1.584000E+03
14 1.584000E+03--- 3.726000E+01
15 3.728000E+01---g . 9QOOGE-02
18 99gggoooE-O2---I .OOOOOOE-05

THIS LIBRARY HAS A 8 GROUP GAMMA STRUCTURE
GROUP RANGE
1 1.400000E+07---4.OOOOOOE+06
2 4.OOOOOOE+06---2.OOOOOOE+06
3 2.000000E+08---1.OOOOOE+06
4 1.OOOOOOE+0 ---4.OOOOOOE+05
5 4.OOOOOO0E+05---2.OOOOOOE+05
6 2,OOOOOE+05---1.0OOOOOE+05
7 1.O00000E+05---- .OOOOOOE+04
8 a, O00000E+04--- . O00000E+04
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APPENDIX E
TRANSPORT EQUATION, LEGENDRE POLYNOMIAL

DERIVATION

S.. .. . .. . ..... •" .. . ... IJ -- I I ,,,_•I . . . ........
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Boltzmann transport equation:

f] 1b1'(r, E, fl) + Et (r, E) 91 (r, E, rl) = S (r, E, m1)+
f f El(rE' -- E, n' -- n)xt'(r, E', 11')dE'd(V+
Of' Et

f f x (E ) u ( E ) r, ' ') 'd .
OlE'x

Of Ei

This equation is three dimensional, energy dependent, and represents
steady-state, i.e., dn/dt = 0 or V0= 0.

9 (r, E, 03) = neutron angular flux density.

Et(r, E) =-total interaction cross sec'ion.

F,(r, E' -- E, 0' -- f) -= scattering cross section for transfer from
energy E' and direction 02' to energy E and direction [I.

V! 1 (E') -number of neutrons produced per fission times the fission
cross section for a neutron of energy E'. (In the laboratory system,
fission is isotropic, or having a tendenacy in all directions.)

S(r, El) -the time independent source density of neutrons at
position r, w.'th energy E, and moving in the direction, 11.

This equ ).tion is a function of six independent variables: Three
position coordinates, r = r(xi + yj + zk) and two angular directions,

Before developing a transport, equation for this geometry, let's

E-2

t'I



review the following:
A spatial derivative is a gradient.
The gradent is a vector normal to the surface at the point at which
the gradient is to be evaluated,

The gradient of a scalar function is the result of the application of the
del operator;

a a t
V += , y +-k in Cartesian coordinates.

In one dimensional geometry in the z direction only:

4= coS(O)

0 cos-1 A

Al -27rd/i
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In 1-D geometry, the solid angle changes its characteristics:

S=(0, ).

For I-D geometry, the physical process does not depend on

1- fi + a + fz

Ox = f) .

Which defines
fl.k) =

By problem selection:
09T

-a- T 0

ay

Therefore: rl ~C %F (9 q1= a3 •IQ
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Another helpful tooi is Legendre polynomials.
The following in a derivation of Legendre polynomials using a power
series solution.

Legendre Functions of Order p are solutions of the differential equa-
tions:

(I1- x')AY 2xL + p(p + 1)y 0

p is real and nonnegative.
00

Assume a solution: y(x) = Bk2k+°
k-=O

00

= >, BA(2k + 3 )z2k+s-1
k=O

V" E Bk(2k + 8)(2k + s - 1)x2k+•--
k-=0

Plugging into the orginal equation:

00 ks2 0 /s, Bk(2k + 8)(2k + 5 - 1)x2•+- 2  j Bk(2k + s)(2k + 5 - 1)x•k
k=-O k-=O

00 00

-2 >7 Bk(2k + 8 )x" ° + p(p + 1) E Bkx± = 0.
k-=-O k=O

Grouping terms:

00

B k(2i + R)(2k + s- -)••+s-2

k =O

+ ZJ Bk[p(p + 1) - 2(2k + s) - (2k + s)(2k + s - )Ix2k+ = o.
k=O
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Let k=k-1 in the second summation:

Z Bk(2k 4- s)(2k + 8- 1)X•÷s-2
k-=O

00

+ Z Bk-l.[p(p + 1) - 2(2k + 8 - 2)(2k + 8 - 3)1X2k+Q-2 0.

Expanding the first summation until the indices are the same, and
then combining under one summation yields:

Bo(s)(s - 1)x-- 2 + E {Bk(2k + R)(2k + s - 1)+
k=1

Bk-.[p(p+ 1) -2(2k+ a- 2) - (2k+s5-2)(2k+s- 3)I}X2k+s- 2 =0.

Considering the terms grouped with BO;
Bo#0
zo- 2 # 0

Then: (9)(9 - 1) = 0
The solutions are s=O, and s=1.

From this a recurrence formula can be developed:

(2k+s)(2k+s-1)Bk = -Bk_ l[p(p+1)-2(2k+s-2)-(2k+s-2)(2k +t-3)]

Bk=_(P(-s-2k+2)(p+a+2k-- 1) Bk-

(2k + s)(2k + s -1)

For s=0:
Bo(0)= (p-2k-+2)(p+2k

2k(2k - 1)

E-6
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Running out a few terms:

Bi(0) (p - 2 + 2)(p + 2 - 1)-Bo 6-p + 1)Bo.

)= - (2)(4- 1) (4)(3)

r p-- (p + I 3) B1-] 2 )(p + 3)

- (2)(1) (4)(3)

p(p + 1)(p - 2)(p + 3 )Bo.

.--- (4)(3)(2)(1)

or
(-1)kB

Bk(0) - (2k)! [p(p -2) ... (p -2k+2)][(p+ )(p+3) (p+2k-1)]

Now, consider s=:4:

B•() -(p - 1 - 27z + 2)(1 + 1 + '2k - 1)
(2k + 1)(2.)

(p - 2k + 1)(p + 2k)B

Bk(1)- (2k +1)(2k)

Therefs e:
for al := 0

= Bo E Bk(0)X2k
k-=1

and for a21

00

Y2 Box + , BZ(1)x2+1
k-i
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So now we have:

Sp(p + 1) 2 p(p - 2)(p + 2 )(p + 3 ) 4+ *
2! + 4!

and

vp G) -= x - (p - 1)(p + 2 ) X3 + (p -- 1)(p - 3)(p + 2 )(p + 4 ) -+ ...

3! +5!

So the general solution of (1- z2)d2A - 2z + p~p + 1)y= 0 can
be written as:

S= cl-p(X) + C2 Vp(X).

The following Legendre polynomials are readily found to be:

PO(X) = 1

Pi(X) =

This will be shown with the following functions:

P.(z) = '(' when n is even or equal zero.

Pn(X) = when n is odd.
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Examples:

-o) uo(1)

(0)0 +•) (0)(0+ 1)- 2)0+2 + 3k X

uo(1) = - (0)(0+•1)12+ (0)(0- ?)(0 ÷2)(0 +3) ()0k2! 1) 4!(• . .

Up(X) 1

Tfere4ore, Po(z):= 1.

p , (X) :: " (•__
V, (C)

(1-!)(I +2)() (1 1)(1 - 3)(1 +_2)(1_+1)+
VI(7) = •- ,! - (3) .+ +!-

V 1)(1 + 2 (i )+ 1- 1)(I - 3)(.J + 2)(1 +,4)1)

3! 5!

Therefore Pl(z) x.
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It has been shown that for a 1 dimensional slab, the transport
equation,

V. fIQ(r, E, n) + Ft (r, E) T (r, E, l) -

S(r, E, 0) + ff / ,(r, E', IT --) Ej )%P(r, E', fYl)dE'dfi'

+ fI f (E~~(E')ý(r, El, 1,)dEldn'
n' El 7

Simplifies to:

jA---(zE, /i) + Et(zE)T(zE,.) --

S(z, E, A) + f f rs(z, (', E' --+ fl,E)41(z, E', A')dE'dnl+
n' El

x(E) f f vZf(E,)*(z, Ell A)dEl dn'"
4 r f0o El

We assume that both differential scattering and the flux can be ex-
panded in spherical harmonics.

0 21+1
%P(z,E, A)-=1= 2--¢,(Z,7E') P1()

-- =0 2

Where

0, (z,E') = J (Z, EjP1(IL)4"
-'1

And
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.L= o -=the casine of the angle of scatter in the laboratory
"-ystem.

21 +1,,.-+ E,11 -+ • -- ~ (z,E')P,(c).
1=0 4ir

Source:

S(z,E,fn) =" Sj(z,E) 21+1
1=0 4 7r

F lugging in:

a ~oo211±'i0 21 +1.
IA -- O(z, E')Pj(;t) + Et(z, E) FO )
L9 =0Ou 1=0 47rco21 + " 21 +1

( =o 47r L_ 41r

M21+1I
E -T;- Si (z,E)Pi(IA).

Note:

(1- nM)!
PI(P-o) PI (n-0') = P_(IA)P (A) + 2 - _,. P,7 (,u) P_(_C_0SM (

And
I[(p U= (1 ,2) dAM" PI(u

The Pj'm (ju) are called the associated Legendre polynomials.
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The transport equation now becomes:

- 4-' E')P,(1-,) + r,((Z, E) E 01 +_P(
=0 r 1=o 47r

f Jf . 21r + 1 EI(z,.E){[PI(p)PI(y')+2 ± (1n)
01 El 6=0 4f" n=1

'• 21+1

• f 4W,(z,E),(,zE),,j)dE'd IIu-o 4fr

4ff 4nur 4ff
•2' E'n-0O

+ 0_ 21+ 1 S(z,E)P,

1=0 47r
Separating the above equation into the following terms for easier sim-
plification:
Term 1:

a 0 21 +1 01(z,E,)p (A)
_~z F 4,r

Term 2:

0021+ 1E t(z, E) E :i_ 1(, E) P+(A

= 40 r
Term 3:

f ,E21r +__l,,(z, E){[pj(Az)./•(p,)+2 T_ l+nIP-(•P•t')~~(-']

n 1 E' 1=0 47r

o% 21 + 1-- 01. €(z, E)Pi (y•)dE'dIT

0 4ir
Term 4:

ff 47r E (E) 2n 1 (z,E)P,(y)dE'dV'

0,E, 4,=:o 41r

E- 12
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81(Z. E) Pp)

A 2jr
No~te: f dfl' =- f d1z' fdo',

Taking this to simpiify term 3:

fJcos(q - 01dlfIOO00+ sindxsino'jdq5'

fcosqosinqS'-sncs'ICO8Sb{3izn(?2,T) -sin(O)} - sinqO{cos(27r) -cos(O)} = 0.

Term 3 now becomes:

2 2rE z ' P1+ (JA') P/j (A) On(ZE) P,(IA') dj4'dE'.
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The transport equation now looks like this:
c9 o21l+1 0021+1

A 0.2§; l(zE,)PI(A) + Et(z,E) E 2E) =p)

4W uo 410

J2 7r 0 21+1 002n + i/ ,• F t+l.(,,v(~,., On 2+ .(z:, E) Pn(A.') dA'dE'
E• , .- 41r n-0 47

+ f x(E__))TE (El) 4 2n+l(z, E)p,()dEdn,fl'Z' •" •no 4ff

0 21+1
4 ESt(z ,E) P,(,).

1=0

Term 4 can be rewritten by using: f dll' = f djA' ffd/.
•t -1 0

1 77 (E) 2n + 1)fE(El) O n ÷l,(z, E,)P. (o) dO'dtdE,-

J 4=0 4fr

X(E)i~'' 00 2n+1 ~1 (Z) E') P,,(A.) [27r] [21IdE'=
E't0 n=O

Expanding this to only its first summation term, i.e., n=O, and recall-
ing P0,(I) 1 yields:

f x(E)r vL (E')[(2)n() + 1)]o(zjE')P(1)dE' .
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4 '(E vEf (E,)¢o(z, E,)dE,"

Ev

For term 1 use:

(21 + 1)MPL(j&) = (1 + 1)P- 1() + IPI..(IL)

•q(-) (1 + 1)PL+l(CL) + 1PIi(!)

_ j + 21+1

PI (A) - 21 + 1 + 21+1

Plugging in:
clf '~21+I

-9 21 + 1(z,E) jAP(A)=

a0 21+ 1 (1 + 1)Pi+1 (s) 1.( =
Y-~ E 0(z, E)+1=0 47r 21+1 21+1 j

00 1 a 08 1 9zo4-'-•--q€j(z,E)(l 1)Pi++ (1L)+,: 41 z'zEl'l•
1= 47r c8z 1=0 4ir

............. Let m =l+ l .................................... Let K=l-1 ....
..................... l= m -1 ........................................ 1= K + l ....

"0Z _1 -(z, E)(m) Pm,(A) + 0 - K+1( E) (K + 1)PK(A)
4rm=1 8z41r K=-1 (9Z
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Consider just the second summation:

E2 -OK÷(zE)(K + 1).PK(1).
KX- 1

Expanding the summation one term:

00 a
'•{•z¢(--.1411(z, E)(-1 + l)P-1 (i) + Y TK+I(zE)(K + I)PK(I)}

= o+ E2 OK+l(z,E)(K + 1)PK(iA)}

4r K=O

-- K= ( K+i(z, E)(K + 1)PK(y).

Therefore we have:

1 00 a100 1E OMZ - (Z E) (m) P, (o) +j- E -zK+.-l(z,E)(K . 1)Pic (jL).
47r m=- -- r K=O

Changing the indices to I yields:

1 z M (9 1 zlzE( 00 1aP(

_ E-0 ,_(zE)(I)-P(() - (A)o

E- 16
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Consider the third term (already simplified somewhat):

rr 0 0 ~ic+ 2n +f f 21r - -- P(z,E') P,(p) P,(E). 1O(z,E')Pn(/u')dp'dE'
47r n=0 41r

By orthogmnality:

1 
2f r . .Adjlfor I = n

-1 Ptu)'[•.# = il+

1

f P,(:,". Pr(I'), ' =0o .,,.,-, n,,.
--1

Using this, term 3 becom -s:

Q 2q+1 2 2n+127r E -. E,.,(z,E')P,(A). -Onl¢(z,E')dE'

E' l =o 41r 2q± n=o 47r
S1 O0

-- • E (2n + )P,(/.) f ,(E')q,(z,Z')dE'
471r ,=j0 

E'
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The transport equation now has this form:

4--• 0- --•- (z,)(PI)P(/,&) + 01j ,•ffi •--JlE) (I + I) Pi~

+Et (z ,E) 1: 2q ÷ l1 (z, E)i()

1 (2n +I- 1)Pn(t) f EI,(zE')q,,(zE')dE'
47r" r.0 El

x(E) 4 f(E')Oo(z E')dE' + • 21E + 1S(z'EP(g)"

Multipling through by 41r yields:

E O-i~,.E(,)i#+E 0 -j+i(z, E)(1 + l)F'ij(p)

+÷t(z,E) E(21 + 1)i(OE)P,(i-)
1=0

00-

= , (2n + 1)Po()] Ef .,(z, E')0,(z, E')dE'
)S--0 E'

f x(E)vEi(E')¢o(z E')dE' + Z(21 + 1)S,(z, E)PI (L).

This is still an exact equation.
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To show the development of P,, equations, the following example
is presented.
First, we use orthogonality as before:

1p 1 2
f Pi(,o')P. (it') du = for I = n
-i 21+ 1

1

Jf Pi(')P&(ju')duI' = 0 when 134 n.
-1

Next, multiply the transport equation by Po(1s) and integrate.
This will cause the first summation term to go to zero:

S 2iq,_,(Z, E) f P (#) P0()dt& = 0.
-1

This happened because the summation began at 1, therefore, there
was never a Po term, and by orthogonality, the other integrated terms
yielded zero.

Consider the second summation term:

"(I + 1) +(zE) f PPI( 1A)Po(IL)d dg
1=0 + -1

a
= 2y-01 (z, E) f or I - 0,

= C for all other terms.
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Now the Et term:
1 00

Et(zE) E (21 + 1) ,(zZ)PI(1A)Po (I)du
-1=

- 2IEt(z,E)Oo(z,E) for I = 0,

= 0 for all other terms.

The EI, term:

f Z (2n + 1)Pn(/i)Po(/•) f En(z E')qS(z, E')dE'dpi-1 n=O E,

2 2f Eqo(z,E)¢Oo(z,E')dE' for n = 0,
€ El

= 0 for all other terms.

Now the x(E) term.

f x (E) f voE (E)o(z, E') dE' PO(i) d/

Recall Po(1&) = 1, then

I x(E) f v~j(E')Oo(z, E')dE'di -

x(E) f vrf (EZ)ko(z,E')dE'[1 -- (-1)] =
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2X(E) f vE.;(E')qo(z, E')dE'
E'

Finally, the source term:

f E(21 + 1)SI(z, E. PL(I)Po(!s)dA
-Ii=O

= 2So(z,E) for I = 0,

= 0 for all other terms.

Dividing through by 2 yields:
aazi(z,E) + Et (z,E)>o(z,Z) =a z

/ E2oo(z,E' --- E) o(z,E)dE'
Ef

+x(E) f vlf(I?')o(z,E')dE' + So(z,E)
E'

This proiLess :an be continued by multiplying by Pi(js) and integrat-
ing, and by P 2('s) and integrating, etc., until a P,,(I) 2et of equations
is obtained.
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Sample input files for the Be/B 4 C shield and the W/B4 C shield.

-S..101 C

.0. 4- 0 o .. 8N

.0 2. .5 300 .0 7C

2.520 1.848 17.0 27.5 82.25 20.0 1.0 g7.87g

2.620 1.848 17.0 27,5 82.25 50.0 1.0 g7.87g
2. 520 1.848 17.0 27.5 82.25 80.0 1.0 g97.879

2.52,0 1.3 I7.0 27'.5 2.25 0.0 1.0 g3.5g6
2.520 19.3 17,0 27,5 82.25 10.0 1.0 89.848
2. 520 1.3 17.0 27.5 62.25 20.0 1 0 8g.848
2.520 18.3 17.0 27.5 62.25 30.0 1.0 92.525

.520 1.84817.0 27.5 -2.2 00109.7



Shields with no gama attenuator:

Boron Carbide Shield with no gamma shield
The volume of the neutron shield is: 286032.00 cc.
The total mass of the shield is: 720.80 kg.

LiH Shield with Tungsten at 60.00 cm.
The volvme of the neutron shield is: 1097378.94 cc.
The total mass of the shield is: 850.47 kg.
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Lill Shield with Tungsten at 10.00 cm.
The volume of the neutron shield is: 639202.60 cc.
The volume of the gamma shield iv: 7341.58 cc.
The mass of the neutron shield is: 495.38 kg.
The mass of the gamma shield is! 141.69 kg.
The total mass of the shield is: 637.07 kg.

LiH Shield with Tungsten &, 20.00 cm.
The volume of the neutron shield is: 589760.94 cc.
The volume of the gamma shield is: 8248.47 cc.
The mass of the neutron shield is: 457.06 kg.
The mass of the gamma shield is: 159.20 kg.
The total mass of the shield is: 616.26 kg.

LiH Shield with Tungsten at 30.00 cm.
The volume of the neutron shield is: 535133.19 cc.
The volume of the gamma shield is: 9209.19 cc.
The m&ass of the neutron shield is: 414.73 kg.
The mass of the gamma shield is: 177.74 kg.
The total mass of the shield is: 592.47 kg.

LiH Shield with Tungsten at 40.00 cm.
The volume of the neutron shield is: 427184.38 cc.
The volume of the gamma shield is: 10223.84 cc.
The mass of the neutron shield is: 331.07 kg.
The mass of the gamma shield is: 197.32 kg.
The total mass of the shield is: 528.39 kg.

LiH Shield with Tungsten at 50.00 cm.
The volume of the neutron shield is: 438212.34 cc.
The volume of the gamma shield is: 11292.16 cc.
The mass of the neutron shield in: 330.61 kg.
The mass of the gamma shield is: 217.94 kg.
The total mass of the shield is: 557.55 kg.

LiH Shield with Tungsten at 60.00 cm.
The volume of the neutron shield is: 554438.81 cc.
The volume of the gamma shield is: 9797.90 cc.
The mass of the neutron shield is: 429.69 kg.
The mass of the gamma shield is: 189.10 kg.
The total mass of the shield is: 618.79 kg.
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LiH Shield with Tungsten at 40.00 cm with 0.5 cm of Tungsten,
The vcolume of the ne'tron shield is: 559135.75 cc.
The volume of the gamma shicld is: 5098.85 cc.
The ms.ss of the neutron shield is: 433.'3 k• .
The ma.ss of th-i gamma shield is: 98.41 kg.
The tutal mass of the shield is: 531.74 kg.

LiH Shield with Tungsten at 40.00 cm with 1.0 cm of Tungsten.
The vclime of the neutron shield is: 427184.38 cc.
The volume of the gamma shield is: 10223.84 cc.
The mass of the neutron shield is: 331.07 kg.
The mass of the gamma shield is: 197.32 kg.
The total mass of the shield is: 528.39 kg.

LiH Shield with Tungsten at. 40 0n '.:m with 1.5 cm of Tungsten.
The volume of the neutron shield is: 329714.47 cc.
The volume of the gamma shield is: 15374.82 cc.
The mass of the neutron shield is: 255.53 kg.
The mass of the gamma shield is: 298.73 kg.
The total mass of the shield is: 552.26 kg.

LiH Shield with Tungsten at 40.00 cm witn 1.52 cm of Tungsten.
The volume of the neutron shield is: 329507.72 cc.
The volume of the gamma shield is: 15581.50 cc.
The mass of the neutron shield is: 255.37 kg.
The mass of the gamma shield is: 300.72 kg.
The total mass of the shield is: 556.09 kg.
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Boron Carbide Shield with Tungsten at 0.00 cm.
The volume of the neutron shield is: 238824.92 cc.
The volume of the gamma shield is: 6488.73 cc.
The mass of the neutron shield is: 601.84 kg.
The masa o± the gamma shield is: 125.23 kg.
The total masts of the shield is: 727.07 kg.

Boron Carbide Shield with Tungsten at 10.00 cm.
The volume oi! the neutron shield i 203834.44 cc.
The volume o:l the gamma shield is: 7341.56 cc.
The mass of the neutron shield is: 513.66 kg.
The mass of the gamma shield is. 141.69 kg.
The total mass of the shield is: 655.35 kg.

Boron Carbide Shield with Tungsten at 20.00 cm.
Thw volume of the neutron shield is: 202927.59 cc.
The volume of the gamma shield is: 8248.47 cc.
The mass of the neutron shield is: 511.38 kg.
The mass of the gamma shield is: 159.20 kg.
The total mass of the shield is: 670.57 kg.

Boron Carbide Shield with Tungsten at 30.00 cm.
The volume of the neutron shield is: 232917.03 cc.
The volume of the gamma shield is: 2568.54 cr.
The mast, of the neutron shield is: 586.95 kg.
The mass of the gamma shield is: 49.57 kg.
The total mass of the shield is: 636.52 kg.
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Boron Carbide Shield with Be at 0.00 cm.
The volume of the neutron shield is: 284759.59 cc.
The volume of the gamma shield is: 6488.73 cc.
The mass of the neutron shield is: 717.59 kg.
The mass of the gamma shield is: 11.99 kg.
The total mass of the shield is: 729.59 kg.

Boron Carbide Shield with Be at 10.00 cm.
The volume of the neutron shield is: 278690.44 cc.
The volume of the gamma shield is: 7341.56 cc.
The mass of the neutron shield is: 702.30 kg.
The mass of the gamma shield is: 13.57 kg.
The total mass of the shield is: 715.87 kg.

Boron Carbide Shield with Be at 20.00 cm.
The volume of the neutron shield is: 277783.56 cc.
The volume of the gamma shield is: 8248.47 cc.
The mass of the neutron shield is: 700.01 kg.
The mass of the gamma shield is: 15.24 kg.
The total mass of the shield is: 715.26 kg.

Boron Carbide Shield with Be at 30.00 cm.
The voliume of the neutron shield is: 276822.91 cc.
The volume of the gamma shield is: 9209.19 cc.
The mass of the neutron shield is: 697.59 kg.
The mass of the gamma shield is: 17.02 kg.
The total mass of the shield is: 714.61 kg.
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Derivwition of the volume of revolution technique.

x = ax bzt + zxu + d.tu

= ay + btl +- cyu + dytu

U2 I 0; " O 4 = 1

t= t2= 0; t2  =t4

yj=a

:' :"a. -,, + x• b,., x:2r X -- x,

a(I-f cx c ... = x3 x

y3 + C y C = -- Y3 Yi.

4 (I b'=-+ bx c +* dx :dx -x 4 • x1 -x 2 -X3

Y4 +t by +1" cy + dl -- dy = Y4 + Yi - Y2 - Y3
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Substituting:

S= X,+ (X2 - y 1 t (X3- -I)u + (X± + XI - 2 _ 3 )tU

a x (X2 - X) + (X4 + X1 + •2  X3)Uat
ax~ (X 1) + (X4 + X1 X2 - x 3)t

at y2 ) + (Y4 + Y' - Y3)u

S(Y-3 Y) +(Y4+Y- Y2 -Y)t

Let: O -- X2 - XI) O, u .k Z 3  -- X1 7 B -"= x 4 "-4- XI 2-X 3.
cY Y-- Y1, - " =3 -- X1, By-- Y4 + Y1 - Y2 - y3.

Substituting bach into the partials yields:

at= axt + Bx
ay

=3 y yt + Byuat

OU
ay a: "+ B t

9u -- t
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v= 27rJJf[Xl±(X2 -Xl)t+(z 3 -XI)u±(X4 ±zi-X2 -X 3)ut~JJ(2) dtdu.

(X, ~ Y) 8 X Y x a~y ax ay

=(ci~t + B~u) (a, + Byt) - Lý, t + Bxt) (at+Bu)

V = 27r f/f(xi + xt + cruu + Bxt-,.)
0 0

[(cazt +I Bxu)'(ayu + B t) - (axu +F Bxt.)(ceyt + By a)]Jdtdu

V =27r fJf[(.xi + axuu + B.,tu)
100

- ca~ +(ctB - .YtP)t+ - oxuBy,)u}Jdtduj

Let:
a = (1:tru- tay
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b =et~ -* t~

V = ?'T Jfax, + bxit + cxju + acr~t + ba,.,'2 + caextu+i
0 0

aaexuu + ba,,tu + cak-u 2 + ab~tu + bB~t 2u + cB~tu 2)dtdUl

V 2r (x,+bxz1  cx1  acrtt bcrt +Cctt
2 2 2 3 4

+ aa .., b ez C'- aB . + B z cB ..

V 7= 1 (12a + 6(b + c])zi + (6a + 4b + 3c)oae+

(6a + 3b .--I- 4c)a.,, 4I- (3a + 2(b + c1B~j

Or finally,
V = 7r 13(4x, + 2[ac, + a~u] + B.,)a

6
-6i-+ 4axt + 3a,,, ~+ 2Bz)bI (6x1 + 3ck~t + 4a.,,,! 2--Bx)cl
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Much the same iz done for a triangle.

x = az + b;t + cXu

y = ay + byt + c1 t

U1 U2 -= 0; U3 =l

tlt3- 0; t 2 -'l

22 = a. + bz b = - -XI

Y2 = ay + by b => b Y2 - YI

3 -= "a + c C= X3 - X1

Y3 = ay + cy =cy = ý3 - Y

X = X1 + (X2 - X1)t + (X3 - Z,)U

Y= Yii + (Y2 - YI)t + (Y3 - Y)

a- x-- ( X2 - I,) = ck"; 49Y = (Y 2 - - Yl) = l,
ax-1t
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(X 3 - XI) = Ciu;a = (Y/3 - Y)= Cf/Uau 9

V = 27rj du f dt(xi + citt + cxuu) (cxtca - cizckt)
13 0

1

0 1 2

V = w (QYtQ - Oxuoyt) J (XI- u+au-cqts + 2 axtu + 2 -u )du'
0

V 1rI Cttcyu- fxckt)XI- i+ - -U + -kx - -x + 6!t

V = 3j aty - afzuat) (3x I + ctx + at)~

V = 2 - XIj[Y3 - Y11I - [X3 - X1(2- yii)(3x, + X2 + X3 --x~

Finally, the volume for a triangle is:

V = . (X1 + X7, + XI)[(z 2 - XI)(Y3 - Y)- (X3 - -I)Y2-- Yi)]j
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PROGRAM SHIELD VOLUME

REAL MNEUT I MOAM
P1=3.141592654
OPEN(JNIT=10, 3JIE='SHDAT.DAT', STATUS='3LD')
OPEN(UNIT=11, FILE='SHDAT.OUT', ST.ATTJS='NEW')

C Input file is SUDAT.DAT
C
C Input the half angle in degrees.
C The program ,ill convert it to radians.
C

COUNT =0.0
WRITE (11,75)
WRITE (11, 100)
WRITE (11, 100)

10 !Fl(COUNT.EQ.6.0) THEN
COUNT=0 .0
WRITE (11,75)
WRITE (11, 100)
WRITE(11, 100)
ELSE

END IF

READ(10,*,END=QOQ9)DEN1,DEN2,ANG,CRAD,
&CLEN ,XGAM, TGAM ,XMIAX

WRITE (11, 1000) XGAM

ANG=(ANG*PI)/180.0
P=CRAD/TAN (ANG)
PNOT=P+CLEN

PX1 =PNOT
PYI=CRAD

PX2=PXI±XGAM
PY2=CRAD

PXS=PX2+TGAM
PY5=CRAD

PX7=XMAX+P
P'Y7=CRAD

R1=SQRT (PX1**2+PY1**2)
R2=SQRT (PX2**2+PY2**2)
R3=SI;T (PX5**2-tPYS**2)
R4--SQ~RT (PX7**2+PY7**~2)
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PX3=~R1*COS (ANG)
PY3=R1*SIN (ANG)

PX4=R2*OOS (ANG)
PY4=-R2*S'IN (ANG)

PXB=R3*COS (ANG)
PY8=.:R3*SIN~(ANG)

PX8-,R4*COS (ANG)
PY8=R4*SIh (ANG)

V1.=PI*CRAD**2* (PX2-PXI)
Iv2=PI*CRAD**2* (PX5-PX2)
V3=PI*CRAD**2* (PX7-PX5)

CALL 0CL1(PX1I,FY1,PX2,PY2,PX3,PY3;PX4,PY4,V4)
CALL VOL1(PX2,PY2,PXS,PY'S,PX4,PY4,PX6,PY8,V5)
CALL VOLI (PXB,PYS,PX7,PY7,PXB,PY6,PXB,PY8,V6)

VNEUT=~V1+V3+V4+VS
VOAM =Vz+V5

1MNUT=VNEUT*DEN1*1 . E-S3
MGAM =VGAM *DEN2*1.OE-3
TMASS=MNEIJT+MGAM

WRITE(11, 115)MNEUT
WRITE (11, 1105) VNEUT
WRITE(11 ,110) VGAM
WRITrE(11, 120)MGAM
WRITE (11, 125) TWASS
WFITE (11,130)

COLINT=COUNT+1 .0
GO TO 10

1000 FORMAT('0',10X,'LiH Shield
&with Tungsten at ',F5.2,' cmx.')

25 FORMAT( G12.4)
75 FORMAT('1')
100 FORMAT('0')
105 FORMAT~() ',12X,'The volume of the neutron

&shield is: ',F1O.2,' cc.')
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110 FORMAT(' ',12X,'The volume of the gamam
&shiild is: ',F1O.2.' cc.')

115 FORMAAT(' ',12X,'The mass of the neutron
&shield 1s: ),F1O.2,' kg.')

120 FORMAT(' ',12X,'The mass of the gamma
&shield is: 1,F10.2,' kg.')

125 FORMAT(' ',12X,'The total mass of the shield is:
& $,F1O.20,' kg.')

1.30 FORMAT(' ','I J
999 PRIN~T*,' The output file is called "SHDAýT.OUT"1.'

STOP
END

SUBROUTINE VOLI (Yl,XI1,Y2,X2,Y3,X3,Y4,X4,V)

C This subroutine ca~lculates the volume of a
C rotated rectangle.

P1=3.141592854

AXT=X2-X1
AXU=-XB-X1
BX=-X4+Xl-X2-X3

AYT=Y2-Y1
AYLT-=Y3-Yl
BY=Y4+Yl-Y2,-Y3

A=AXT*AYU-AX.U*AYT
B--AXT*iBY-AYT*BX
C=AYtU*BX-AXLT*BY

V= (P1/6.0) *ABS (3.0* (4. 0*X1+2 .0* (AXT+iAXJ) +BX)
&*A+(6.0*X1+4.O*AXT+3.0*AXU+2 .0*BX)*B+(8.0*X1+3.0
&*AJQ'+4.0*AXU+2.0*BX)*C)

RETURN
END

SUBROUTINE VOL2(Y1,X1jY2,X2,Y3,X3,V)

C This subroutine calculates a volume of a rotated triangle.

P1=3.141592654L

V= (P1/3 .0) *A}3S ((Xl +X2+3) )* ( (X-Xl) *(Y3-Yl) -

&(X3-X1) *(Y3-Y1)))

RETURN
END
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APPENDIX G

RFCC DATA



The following is two input files for RFCC to calculate
neutron flux to dose conversion factors, and gamma dose
rate conversion factors for human tissue. The outputs
of these runs are put in the sample FEMPiD input file
provided in this Appendix in the 35** array as stipulat-
ed in the 1$$ array for input variable, NRF.

RFCC neutron input:

1
1 9 16
1.733E+7 6.065E+6 3.011E+6 1.920E+6 1.002E+8 6.081E+5
2.972E+5 1.831E+5 1.110E+5 4.086E+4 2.187E+4 7.101E+3
3.354E+3 1.584E+3 3.726E+1 1.O00E-1 1.OOOE-5

000

RFCC gamma input:

1
1 10 8
1.4+7 4.0+6 2.0+6 1.0+8 4.0+5
2.0+5 1.0+5 6.0+4 1.0+4
000
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Neutron RFCC output:

MULTIGROUP REP. OF THE NEUTRON FLUXTO DOSE EQUIVALENCE RATE CONVERSION FACTOR
GROUP UPPER E BOUND LOWER E BOUND

(EV) (EV
1 1.73300E,-07 8.06500E+o62 6.06500E+06 3.01100E+083 3.01100E+06 1.g2000E+O64 1.92000E+06 1.00200E+06
5 1.00200E+06 6.08100E+05
6 6.08100E+05 2.97200E+057 2.97200E+05 1.83100E+058 1.83100E+05 1.11000E+05
9 1,11000E+05 4.08600E+0410 4.086003+04 2.18700E+04

11 2.18700E+04 7.10100E+0312 7.10100E+03 3.35400E+0313 3.35400E+03 1.58400E+03
14 1.58400E+03 3.72600E+01
15 3.72600E+01 1.OOOOOE-01
is 1.oooooB-o1 1.OOOOOE-O5

REM/HR/(N/SEC-CM**2)
(GROUP AVERAGE)

1.779579E-04
1.480736E-04
1.273286E-04
1.289578E-04
1.175837E-04
8.307393E-05
4 . 7 80253E-05
3. 0 73550E-051.741842E-05
8.706003E-06
4 .805043E-06
3. 6 08882E-06
3.675812E-06
3 .845325E-06
4.405984E-06
3 .675043E-06
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Ga~zma. RFCC output.:

MXULTIGROUP REP. OF THE GAMMA FLUXTO DOSE RATE CONVERSION FACTOR

GROUP UPPEF. E BOUND LOWER E BOUND
(DIV) CEY)

1 1. 40'100H+07 4.00000OE+02 4.00000oE+08 2 -OOOOOH+083 2 .OOOOOE-'.08 1.0OQO0OE+Q5
A i.00OOCL+08 4-000OO08+J56 4.OOOOOE+05 2-OOO0oH+058 2.0OOO0Os+05 1. OOOOOE+05
i7 1.OOC'2E05'O 8-cOOOOE.-04
8 8 .OOOOOE+s04 1.00000OE+04~

REIJV/HR/ (PHOTON/SEC-CM.**2)
(GROUP AVERAGE)

8. 7 83488E-06
4. 167297E-06
2.820405E-06
1.510885E-06
7 .532709E-07
3. 880888E--07
2. 6g277SE-07
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RFCC MANUAL; 20 FEBRUARY 1"87.

PROGRAM RFC

TAPE MANAGEMENT INFORMATION

NT5=TAPE5, INPUT

NT6=TAPE6, OUTPUT

NT7=TAPE7, PUNCH

NT1O=TAPE10,INPUT MACKLIB IN BCD FORNAT

NT15=TAPE15, INPUT/OUTPUT MACKLIB IN
B-NARY FORMAT

INPUT DATA

FORMAT-FREE INPUT

IRFC=0, CROSS SECTION MIXING MODE ONLY
=1, MtLTIGROUP RESPONSE FUNCTION

GENERATION MODE ONLY
=2, BOTH MODES TO BE USED

PROVIDE ICASE,IMG,NG,AND ER (AND POSSIBLY EBB)
ONLY IF IRFC EQUALS

ICASE= RESPONSE FUNCTION CASE NUMBER

IMG= ID OF RESPONSE FUNCTION THAT IS TO BE PIUT
IN MTJLTIGROUP FORM

=1, WATT FISSION SPECTRUM (INTEGRAL RESPONSE)
=2, lE NEUTRON SFECTRLM (INTEGRAL RESPONSE)

[GROUP ENERGIES: .00001 EV - 20 MEY]
=3, T1ERMAL MAXWELLIAN SPECTRUM (INTEGRAL RESPONSE)
=4, MAXWELLIAN FISSION SPECTRUM (ILNTEGRAL RESPONSE)
=5, LOS ALAMOS FISSION SPECTRUM, 1982

(INTEGRAL RESPONSE)
=6, VITAMIN C NEUTRON SPECTRUM (INTEGRAL RESPONSE)

[GROUP ENERGIES. . 00001 EV - 20 MEV]
=7, CSRL NEUTRON SPECTRUM (INTEGRAL RESPONSE)

[GROUP ENERGIES: .00001 EV - 20 MEN]
=8, NEUTRON QUALITY FACTOR (AVERAGE RESPONSE)

[GROUP ENERGIES SHOULD BE LESS THAN OR
EQUAL TO 20 ME•]

=9, NEUTRON FLLX-TO-DOSE EQUIVALENCE RATE
CONVERSION FACTOR (AVERAGE RESPONSE)
[GROUP ENERGIES SHOULD BE LESS THAN
Of EQUAL TO 20 MEV]
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=10, GAMMA RAY FLUX-TO-DOSE RATE CONVERSION FACTOR
(AVERAGE RESPONSE)
[GROUP ENERGIES: .03 MEV - 15 MEV]

=11, ELECTRON FLUX-TO-DOSE RATE CONVERSION FACTOR
(AVERAGE RESPONSE)
[GROUP ENERGIES: .1 MEV - 10000 MEV]

=12, BLACK BODY SPECTRUIV (INTEGRAL RESPONSE)
=13, ENERGY RELEASED BLACK BODY SPEC`TRUM

(INTEGRAL RESPONSE)
=14, SILICON DISPLACEMENT DAMAGE (AVERAGE RESPONSE)

[NEUTRON GROUP ENERGIES: 1.7 KEV - 17 MEV]
=15, SILICON IONIZATION ENERGY DEPOSITION

(AVERAGE RESPONSE) [NEUTRON GROUP. ENERGIES:
1.7 KEY - 17 MEY]

=16, CALCIUM FLUORIDE DISPLACEMENT DAMAGE
(AVERAGE RESPONSE)
[NEUTRON GROUP NMRGIES: 1. 7 KEy - 17 ME',T

=17, CALCIUM FLUORIDE IONIZATION ENERGY DEPOSITION
(AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: 1.7 XEV - 17 MEV]

=18, ANSI STANDARD SILICON DISPLACEMENT DAMAGE
(AVERAGE RESPONSE)
[NEUTRON GROUP ENERGIES: 0 - 18.25 MEV]

=19, PHOTON ENERGY DEPOSITION IN SILICON
(AVERAGE RESPONSE)
[GROUP ENERGIES: 1 KEV - 100 MEV]

=20, PHOTON ENERGY DEPOSITION IN GOLD
(AVE-RAGE RESPONSE)

-[GROUP ENERGIES: 1 KEV - 100 MEY]
=21, DELAY NEUTRON SPECTRUM (EBAR=0. 40)

NG= NUMBER OF ENERGY GROUPS IN THE MULTIGROUP
FORMULATION

ER(NG+I1)= ENERGY BOUNDS FOR THE NG ENERGY GROUPS,
STARTING WITH THE MAXIMUM ENERGY

EBB= BLACK BODY ENERGY (INPUT ONLY IF IMG= 12 OR 13)

CONTINUE WITH AS MANW SETS OF ICASE,IMG,NG, AND ER
(AND EBB) AS DES AT THE END OF THIS PART OF THE DATA
SET, INSERT 0 0 0 (ICASE=IMG=NG THIS WILL BRING THF
RESPONSE FUNCTION GENERATION MODE TO AN END.

PROVIDE THE FOLLOWING C119SS SECTION MIXING MODE DATA
ONLY IF IRFC EQUALS 0 OR 2. AFTER THE TITLE CARD,
THE PROGRAM USES FIDAS-TYPE INP
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TITLE CARD(1OAS)

BLOCK ONE

1S ARRAY(11)

LTBL=TABLE LENGTH OF INPUT MACK LIBRARY

NOG=NUMBER OF GROUPS ON INPUT MACK LIBRARY

NCVT=O, NO LIBRARY FORMAT CONVERSION REQUIRED
=1, CONVERT LIBRARY FORMAT TO BINARY

LBF=O, INPUT LIBRARY FORMAT IS ANISN BINARY TAPE
=1, INPUT LIBRARY FORMAT IS CARD IMAGE

NEDIT=O, NO EDIT OF INPUT LIBRARY DATA
=N, EDIT N INPUT MATERIALS

NMTN=NUMBER OF RESPONSE FUNCTIONS TO EDIT FOR
EACH MATERIAL

NMIX=O, NO MIXING REQUMIED
=N, MIX N MATERIALS

MTBL=LENGTH OF MIXING TABLE

NRESP=NUMBER OF RESPONSE FUNCTIONS TO MIX

NCOL=O, NO COLLAPSING OF MIXED RESPONSES REQUIRED
=N, COLLAPSE MIXED RESPONSES TO N GROLUS

NBCD=MAJCEMUM NUMBER OF NUCLIDES TO BE READ FROM BCD TAPE

T

BLOCK TWO

2$ ARRAY(NEDIT)

MATERIAL IDENTIFIERS FOR MATERIALS TO BE EDITED

3$ ARRAY(NMTN)

LIBRARY TABLE POSITIONS FOR EDITED RESPONSES

T
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BLOCK THREE

4$ ARRAY(NRESP)

TABLE POSITIONS OF RESPONSES TO MZZ

5S ARRAY (MTBL)

MATERIAL NUMBERS FOR MIXING TABLE

6$ ARRAY(MTBL)

NUCLIDE IDENTIFIERS FOR MIXING TABLE

7* ARRAY(MTBL)

NUMBER DENSITIES FOR MIXING TABLE

T

BLOCK FOUR

8$ ARRAY(NOG)

FINE GROUP TO FEW GROUP INSTRUCTIONS

g** ARRAY(NOG)

FINE CROUP SPECTRUM

T
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Sample FEMP1D input file with RFCC input.
1$$ 2 3 0 5

4 16 8 3
3 4 0 21
0 0 21 1

64 4 0 0
2 500 10 0
0 0 0 -21 1 2

2** 1.OE-5 1.009 3.3787E+22 T

10S 4R1 13R2 2R3 2R4

115$ 41093 40000 3006 3007
7014 92235 92238 74182 74183 74184 74186

41093 40000 3006 3007 4009 6012
41093 40000
3006 3007

12** 1.1425E-2 1.1541E-4 6.8148E-4 8.4050E-3
1.5015E--2 1 .3461E-2 1.5539E-3 6.4963E-4 3.5321E-4

6.9613E-4 7.0644E-4 1.1407E-2 1,1523E-4
5.9377E-4 7.3232E-3
7.5108E-3 3.7554E-3

5.5046E-2 5. 5602E-4
3.4748E-3 4.2858E-2 T

30** 0.0000 1.0000 2.0000 3.0000 4.0000
5.0000 6.0000 7.0000 8.0000
9.0000

10.0000 11.0000 12.0000 13.0000 14.0000 15.0000
16.0000
17.0000 18.0000 19.0000 20.0000 21.0000
22.0000
23.0000 24.0000 25.0000 26.0000 27.0000
28,0000
29.0000 30.0000 31.0000 32.0000 33.0000
34.0000
35.0000 36.0000 37.0000 38.0000 39.0000
40.0000
41.0000

42.0000
42.2500 43.2500 44.1500 45.2500 48.2500 47.2500

48.2500
49.2500 50.2500 51.2500 52.2500 53.2500
54.2500
55.2500 56.2500 57.2500 58,2500 59.2500
60 2500
61.2500

62.2500
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31$$ 1 2 3 4

32$S 1OR1 32R2 1R3 20R4

33** 31.0 31.0 FO.0

34** 62.25

35** 1.779579-4 1.430736-4 1.273286-4 1.289578-4
1.175837-4 8.307393-5 4.780253-5 3.073550-5
1.741842-5 8.706003-6 4.805043-8 3.608882-8
3.875812-8 3.845325-6 4.405964-8 3.675043-6
24RO.0
8.783468-6 4.167297-6 2.620405-8 1.510685-6
7.532709-7 3.860888-7 2.692778-7 4.511449-7 T
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AFWL-TR-87-94

DISTRIBUTION LIST

AFWL/AWYS AFWL/SUL
ATTN' ilAJ DAVID BOYLE KIRTLAND AFB, NM 87117-6008
KIRTLAND AFB, NM 87117-6008

AFWL/HO
OAK RIDGE NATIONAL LABORATORY KIRTLAND AFB, NM 87117-6008
ATTN: DR DAVID BARINE
P.O. BOX X AFSC/DLW
OAK RIDGE, TN 37830 ANDREWS AFB, DC 20334

AFWL/AWYS AFCSA/SAMI
ATTN: LT MICHAEL JACOX WASHINGTON, DC 20330-5425
KIRTLAND AFB, NM 87117-6008

KAMAN TEMPO
AFWL/AWYS ATTN: MR F. WIMENITZ, DASIAC/DETIR
ATTN: DR MICHAEL SCHULLER 2560 HUNTINGTON AVE, SUITE 500
KIRTLAND AFB, NM 871117-6008 ALEXANDRIA, VA 22303

AFWL/AWYS KAMAN TEMPO
ATTN: LT DAVID EK ATTN: D. REITZ, DASIAC/DETIR
KIRTLAND AFB, NM 87117-6008 816 STATE STREET P.O. DRAWER QQ

SANTA BARBARA, CA 93102
UNIVERSITY OF NEW MEXICO
ATTN: DR NORMAN ROORICK OFFICIAL RECORD COPY
CHEMICAL AND NUCLEAR ENGINEERING DEPT (AFWL/AWYS/LT LEE)
ALBUQUERQUE, NM 87131 KIRTLAND AFB. NM 87117-6008

UNIVERSITY OF NEW MEXICO
ATTN: DR MOHAMED EL-GENK
CHEMICAL AND NUCLEAR ENGINEERING DEPT
ALBUQUERQUE, NM 87131

MISSISSIPPI STATE UNIVERSITY
ATTN: DR CHARLES SPARROW
P.O. BOX 1983
MISSISSIPPI STATE, MS 39762

SANDIA NATIONAL LABORATORY
AlTN: DR PATRICK J. McDANIEL
DIVISION 6512
P.O. BOX 5800
ALBUQUERQUE, NM 87115

AUL/LSE
MAXWELL AFB, AL 36112

DTIC /FDAC
CAMERON STATiON
ALEXANDRIA, VA 22304-6145
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